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A Study of Laboratory Bunsen Burners for Natural Gas 
By John H. Eiseman 


Sixteen different laboratory-type Bunsen burners, sold as suitable for natural gas, were 


purchased and their limits of operation determined. 
The results of the study indicate the need for 


type, and eight were straight-tube burners. 


Eight of the burners were of the Meker 


certain changes in design if satisfactory operating characteristics are to be obtained with 


natural gas. 


A comparison of the dimensions of these burners with the fundamental relations for good 


burner operation brought out the following three major reasons for their unsatisfactory 


performance: Too small a port area, improper throat size, and insufficient primary air open- 
ing. In addition to these three factors, use of the proper orifice size was also found to be of 


importance. 


so that they complied with the requirements as determined by this study. 


Two burners, one a straight-tube and the other a Meker type, were modified 


Both burners 


were found to be greatly improved and were capable of producing a hot, stable flame over a 


range of gas rates approximately double their former usable rates. 


I. Introduction 


Although the principle of the Bunsen burner 
has been known for many years, studies of the 
elements of design leading to the most effective 
application of this principle are comparatively 
recent. In 1921 the Bureau issued Technologic 
Paper 193 [1],' the first American publication on 
this subject, and for nearly 10 years this was the 
only authoritative data available on the design of 
burners of the Bunsen type. Since 1931 additional 
data have been made available by the American 
Gas Association Testing Laboratories, the National 
Bureau of Standards, and others, but even today 
the literature on burner design is not extensive. 

Most of the research work on burners has been 
done on those used in domestic appliances such as 
ranges, water heaters, central heating appliances, 
and space heaters. The manufacturers of these 
appliances are, in general, utilizing the basic design 
data now available, but many other types of 
burners on the market do not conform to the 
dimensions and proportions essential for the most 
satisfactory performance. The average laboratory 
Bunsen burner does not comply with these essen- 


' Figures in brackets indicate the literature references at the end of this 
paper. Additional important papers not cited in the text are also given 


Laboratory Burners for Natural Gas 


tial dimensions, and although for many heating 
operations with certain gases it gives satisfactory 
performance, there are other laboratory require- 
ments which are not adequately met by these 
burners, particularly with natural and other slow- 
burning gases. 

In 1947 the gas supplied to Washington, D. C., 
was changed from a mixed manufactured and 
natural gas of 600 Btu/ft*® to a straight natural 
gas of approximately 1,100 Btu/ft.. Up to this 
time very little difficulty had been experienced 
with the various makes of laboratory burners, but 
since the change-over complaints have been the 
rule rather than the exception, even though all the 
burners currently in use were either converted for 
natural gas or replaced by new burners advertised 
as natural gas burners. 

The average laboratory burner is inexpensive in 
comparison with most of the domestic or commer- 
cial burners. In most laboratories it is not used 
continuously and many of the heating applications 
for which it is used do not require any great range 
of adjustment. In fact in many cases a knowledge 
of the rate at which heat is delivered is unim- 
portant. If the gas will ignite and continue to 
burn and not require too long a time to perform 
the desired heating operation, the burner is satis- 
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factory. There are other uses, however, where it 
is necessary to supply gas at a definite and uni- 
form rate with an adjustment that produces a hot 
stable flame. Most of the trouble experienced in 
the laboratories at this Bureau has been caused by 
a flame that is not stable when the rate is adjusted 
for the delivery of a sufficient number of heat 
units per hour to raise the material being heated 
to the desired temperature. 

Even if it is known at what rate heat is required, 
there is little information available that would 
enable the purchaser to pick out the proper 
laboratory burner. The catalogs do not usually 
show the rates for which these laboratory burners 
are intended, and in some cases where such data 
are given the burners cannot be used at the 
indicated rates. 

As a result of this lack of information regarding 
laboratory-type burners and because of failure to 
obtain satisfactory performance with any of the 
types on hand, a number of these burners were 
studied to determine the limits within which they 
could be used. It was hoped that a correlation of 
this information with the basic requirements for 
good burner design would bring out some of the 
reasons for the poor showing on natural gas and 
point the way to the changes required for satis- 
factory operation. Since the composition of the 
natural gas supply in Washington, D. C., is close 
to an average of that used in other parts of the 
country, the results should be equally applicable 
wherever natural gas is used. 


II. Burners Tested 


Sixteen different Bunsen-type burners, all adver- 
tised as suitable for natural gas, were sclected from 
catalogs and purchased. Of these, eight are 
straight-tube burners and eight are of the Meker 
type. These burners are believed to be represent- 
ative of those most commonly used in laboratory 
work, and the test results should, therefore, be 
indicative of the range of operation that can be 
obtained from laboratory burners in general. 

Figure 1 shows the eight Meker burners and 
figure 2 the eight straight-tube burners tested. 
These photographs show the variations in size and 
design of typical laboratory burners. The straight- 
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tube burners are composed of a base into which : he 
orifice is mounted, a straight mixing-tube in which 
the gas and air are mixed, an opening for the air 
to enter the mixing tube, and a flame-retainer 
The flame-retainer is merely an enlarged annular 
opening surrounding the main burner port. A 
small amount of the air-gas mixture is supplied to 
this annular ring by several small holes connect ing 
it with the main supply in the mixing-tube. The 
small ring of flame thus formed around the main 
burner flame permits a greater range of adjust- 
ment of the burner without encountering unste ble 
conditions. The orifices used in these burners are 
either of the fixed or adjustable type. The fixed 
orifice is, as its name implies, a fixed opening 
through which the gas passes. Any change in rate 
(at constant pressure) is made by removing the 
orifice and inserting one of a different size. The 
adjustable orifice is usually composed of a cap 
with a fixed opening and a tapered needle that 
can be moved in or out of this fixed hole, thereby 
changing its size. 

Like the straight-tube burner, the Meker-type 
burner has a base, orifice, mixing-tube, air-open- 
ing, and burner-head, or port. It differs from the 
straight-tube burner in that the mixing-tube 
usually has a constriction, or venturi throat that 
increases the amount of air drawn into the burner, 
and the burner-head has a number of small ports 
in place of the single opening used with the 
straight-tube burner. The orifice may be either 
fixed or adjustable. In all of the 16 burners tested 
it was possible to vary the size of the opening 
through which room air entered the mixing-tube 

The numbers on the burners in figures 1 and 2 
correspond to the burner numbers in table | 
This table gives the type of burner, throat area, 
port area, and other dimensions of each burner, 
which will be discussed in connection with thy 
basic design relations in section VIII. 

In addition to testing the 16 commercial burners, 
an experimental burner was designed and _ built 
This burner was used to determine whether certain 
fundamental relationships that had previously 
been established with respect to burners of domes 
tic appliances were equally applicable to burners 
of the laboratory-type. 
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Figure 1. 


IGURE 2. 


Laborator / burners tested 
Meker type 


Laboratory burners tested. 


Straight-tube type. 
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TaBLe 1. List of burners tested, with dimensions of each 

J “a” Or; 

Burner . ort | Throat Ratio shut ; Ratio ap | Num- | Diam- Height of —— of mixing | fia 
num- Type of burner pl promt _throat | ter | air shutter | ber of | eter of commen mixing | twbeand| used 
ber } port open- | port area | Ports ports tube burner (dri! 
ing head Size 

-_ _ —_ 7 - _— 

| in? in? in? | in. in in in 

1 Meker 0.773 0. 332 0. 429 1.004 1.42 63 0. 125 S°s 4 i) 54, 5 
2 do ¢ | , G87 . 322 . 468 0. 402 0. 59 56 125 8 4% 5°s a4 
; do | .663 | . 166 251 773 1.17 54 . 125 7 316 4's 6) 
4 | do . 59 . 174 205 . 646 1.10 48 125 7M 3ha 4's c 
5 Straight tube with stabilizertop > | . 139 . 139 1.000 4u4 2. 08 1 . 420 6 356 3s 57, 6S 

and pilot 

6 Meker *1.019 302 0. 296 . 96 0.92 155 408 8! hy 16 | 4,56 
7 Straight tube with flame retainer > _ 0.110 10 1.000 . 163 1.47 1 . 375 5! 3h4 3} fy 
8 Meker 254 - 07 1. 207 . 807 3.18 121 . 052 7 234 4416 “MM 
W do 1. 156 505 0.514 1, 366 1.18 os - 125 107s 6's 7h 5l 
10 Straight tube with flame retainer> 0.091 . 108 1184) (0.161 1.77 l 340 64 3's 4's 52 
il do » . 126 126 1.000 .3i4 249 1 . wl wthie a i! * 45 
i“ do » 139 139 1.000 - 2 3. 33 l . 420 e784 45 in *5l 
15 Meker ONT . 322 0. 468 . 402 0.59 Ai) 125 Sis 4s sy “46 
16 Straight tube with flame retainer > . 126 126 1.000 . 182 14 1 . 401 = 61 y-H45 3'Me i's *5l 
17 Straight tube 113 .174 1. 37 . 368 3. 26 | © 348 85! %6-Pis 2! + ‘wo 
Is do on 33 1, 226 . 626 2.11 «1 «. 580 SB ¢ 4 4 4 


* Adjustable 

» Area of stabilizer or flame retainer not included as part of port area 
42-mm grid 

4 Square ports 

* 12 slots, 0.05 x 0.08 in. each 

f Johnson adjustable 

© 16 slots, 0.05 x 0.04 in. each 





III. Limits of Operation of a Laboratory 
Burner 


All burners of the Bunsen type are so designed 
that a portion of the air necessary for complete 
combustion mixes with the gas before it reaches 
the burner port, or ports. This “primary air’ is 
injected into the burner by the momentum of the 
gas flowing from the orifice and enters the burner 
through the air openings located at the base of the 
mixing-tube. The additional air required is 
secured from the atmosphere surrounding the flame 
and is termed “secondary air.” Gas of a definite 
composition requires a definite volume of air to 
burn each volume of gas, but the type of flame 
produced depends upon how much of the total air 
required is introduced as primary air. <A low 
primary air causes a “lazy” flame, which is not 
sharply defined. As the primary air is increased 
the flame becomes smaller in volume and more 
clearly defined or “harder” in appearance. The 
same total heat is produced as long as the gas 
rate remains constant, but the higher the primary 
air the more concentrated this heat becomes. 
The usefulness of a burner for many purposes 
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depends on the intensity of the flame, that is on 
the liberation of much heat in small volume [2| 
For any given burner, however, there is a limit 
above which an increase in primary air causes the 
flame to become unstable and either lift away 
from the ports or flash back into the burner, 
depending upon the gas rate and the composition 
of the gas used. Natural gas gives very little 
trouble from flash-back but is particularly sus- 
ceptible to lifting. Similarly, if the primary au 
is decreased, a limit is reached below which the 
color of the tip of the inner cone becomes yellow 
This results from the formation of finely divided 
incandescent particles of solid carbon that are 
present because the oxygen in the primary mixture 
is insufficient to carry the oxidation of all the car- 
bon of the hydrocarbons in the fuel gas as far as 
carbon monoxide. Another limit to satisfactory 
operation is also encountered in the Meker type 
of burner where the burner head is composed of « 
In this type o! 
construction, no secondary air reaches the vicinity 
of the inner ports. Secondary combustion is a) 
important factor in preventing the “lifting” of th 
primary flame. As the primary air is reduced 0) 


number of closely spaced ports. 


Journal of Researc! 








— a re Lp iat 





a burner of this type, a point is reached at which 
the inner cones begin to lift off the individual small 
ports and merge into larger and longer inner cones. 
A flame of this kind is much less effective for most 
purposes for which the Meker burner is used. 
This condition will be referred to in what follows 
as a smothering limit and is reached on the Meker- 
type burner at higher primary air rates than the 
vellow tip limit. Lifting, flash-back, yellow-tip, 
and smothering of the flames are all conditions 
that prevent the proper application of heat. 
Lifting, flash-back, and smothering may result in 
the escape of unburned gas and carbon monoxide, 
whereas a yellow-tip condition causes a carbon 
deposit on the material being heated, and may 
also be accompanied by incomplete combustion. 
All four of these conditions result in a loss of heat. 
It therefore follows that a satisfactory laboratory 
burner is one that is capable of operating within 
these limits over the entire range of gas rates 


required. 


IV. Method Used for Determining Limits 
of Burner Operation 


In order to determine the conditions under 
which the limits of operation are found, each 
burner was installed so that both the gas rate and 
the supply of primary air could be varied as 
desired, and the rates of flow of each could be 


accurately determined. Figure 3 shows the appa- 


Figure 3. 
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With a burner in- 


ratus used for these tests.* 
stalled in such an apparatus and burning gas at a 
constant rate, the primary air was increased until 
the flames either lifted from the ports or flashed 
back into the burner. When this condition was 
obtained, the proportion of air in the primary 
mixture was determined. The primary air was 
next decreased until yellow appeared in the flame, 
and the proportion of air in the primary mixture 
was again determined, When testing each of the 
Meker burners another setting of primary air 
was made, so that the inner flame cones were no 
longer stable on the individual ports and were 
The ratio of 
primary air to gas where this condition was ob- 


beginning to merge and elongate. 
tained was also determined. The gas-rate was 
then changed and the same procedure repeated, 
This process was continued until a series of tests 
had been made that covered the desired range of 
gas rates or until the points obtained indicated that 
other rates could not be used because they fell 
outside the limits of operation. The results 
obtained were plotted, using as the coordinates, 
“gas rate: thousands of Btu per hour” and “pri- 
mary air: percentage of the total air required.”’ 
Figure 4 represents the position of the bound- 
aries of the regions in which lifting, smothering, 
and yellow-tips were obtained with Burner 1, a 
Meker-type burner. The small circles with short 
lines pointing upward represent conditions under 


\ detailed description of this apparatus is given in the appendix 





Apparatus used to study the performance of gas burners 
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Figure 4. Boundaries of the regions in which lifting, 
smothering, and yellow-tips occur with burner 1. 


which the flames were observed to lift; those with 
the short lines pointing downward represent con- 
ditions under which yellow-tips first appeared in 
the flames; and the crosses represent conditions 
under which smothering of the inner flames 
occurred. As mentioned previously, flash-back is 
not usually encountered with the average burner 
with natural gas and was not found to be a limit- 
ing condition with any of the laboratory burners 
tested. 

Any adjustment of primary air which falls 
above the lifting curve or below the smothering 
curve will produce an unstable or unsuitable flame, 
whereas any air adjustment that falls below the 
yellow tip curve will produce carbon and be other- 
wise unstatisfactory. 

With the Meker-type burner it is therefore 
necessary to adjust the burner so that the primary 
air setting falls between the lifting and smothering 
curves. In the case of a single-port burner, there 
is no smothering limit so that the adjustment is 
made between the lifting and yellow-tip limits. 
It will be observed that the lifting curve and the 
smothering curve obtained with burner 1 inter- 
sect at a gas rate of 11,600 Btu/hr. This rate 
is, therefore, the maximum that could be used 
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without encountering one of these limits. A ra‘e 
somewhat less than 11,600 would have to be used 
in order to obtain a primary air setting that woul: 
produce a stable flame. 

Having located the position of the limits of 
operation of a burner, the next step is to deter- 
mine how much of this stable range can actually 
be utilized when the burner is operated normally 


V. Normal Air Injection 


In the determination of the limits of operation 
the orifice used was unimportant, because the 
primary air was forced into the burner. It was 
merely necessary to use a size that would allow 
the gas to pass at the desired rate under the range 
of gas pressures available. However, when an 
appliance is installed for use, the primary air is 
drawn into the burner by the energy of the gas 
stream issuing from the orifice, and the amount 
thus injected depends in part upon the size of the 
orifice. When using any given rate of gas supply 
the amount of air injected increases as the size of 
the orifice is decreased, higher pressures being 
necessary, however, to maintain the given rate. 
For the greatest range of usable gas rates it was 
therefore necessary to determine the largest 
orifice that could be used with each burner and 
still obtain an air injection that would produce 
a stable flame. For this determination the burner 
was connected to a source of gas supply only, the 
air-mixer being left open to the air of the room. 
When an air shutter was provided, it was set in 
its wide open position. If the burner was sup- 
plied with an adjustable orifice, it was set by 
means of the needle so that the maximum gas 
rate possible was obtained without encountering 
any of the limiting conditions. This setting was 
made at the highest gas line pressure available, 
which in these tests was 6 in. of water pressure. 
If the burner was supplied with a fixed orifice, 
several different sizes were tried until the one 
was found that would allow the highest gas rate 
with a stable flame. Once this condition was 
found, the proportion of air in the primary mixture 
within the burner head and the gas rate were 
determined. Without any further change in ori- 
fice adjustment, other points on the normal injec- 
tion were found by varying the line pressure 
These points were then added to the plot showing 
the limiting curves. 
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VI. Results Obtained with Meker-Type 
Burners 


Figure 5 shows the complete results obtained 
on burner 1. The limiting curves showing the 
position of lifting, smothering, and yellow-tips 
are the same as given on figure 4, but two normal 
air injection curves have been added. One of 
these was obtained with an orifice of No. 54 drill 
size (0.0023-in.* area) and the other with a No. 56 
(0.0017-in.? area). The normal air injection ob- 
tained with the No. 54 orifice is below the smoth- 
ering curve at all rates. A No. 54 orifice is 
therefore too large to give a stable flame with this 
burner. The curve obtained with the No. 56 
orifice is above the smothering curve at all pres- 
sures and its use results in a stable flame. A No. 
55 orifice (curve not shown) gave results inter- 
mediate between the No. 54 and No. 56, but the 
injection was below the smothering curve at the 
6-in. pressure. It is therefore apparent that a 
No. 56 orifice is the largest size that can be used 
with this burner, and since the maximum line 
pressure available in our laboratory is 6 in. of 
water, it is not possible to obtain a stable flame 
above a rate of 7,500 Btu./hr. This condition is 
typical of all burners of the Meker type tested. 
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Ficure 5. Combined curves showing the limits of operation 
and normal air injection with Meker burner 1. 
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Considering only the lifting and smothering 
limits, it should be possible to use this burner at 
gas rates up to 11,000 Btu/hr. (maximum stable 
gas rate 11,600), but to do so would require a 
primary air injection of between 80 and 86 percent. 
To obtain such an air entrainment would require 
the use of a No. 58 orifice, and with this smaller 
size the 6-in. pressure available would deliver 
only about 6,200 Btu/hr. This burner would 
have to be modified so that higher air injections 
are possible with a No. 54 orifice, or pressures up 
to 13 in. of water would be needed to use this 
burner with the No. 56 orifice at a rate of 11,000 
Btu/hr. 

Curves similar to those shown in figure 5 were 
determined and plotted for each of the seven other 
Meker-type burners. From these curves the 
maximum stable gas rate determined by the 
limiting curves only and the maximum stable gas 
rate obtainable under normal operating conditions 
were determined in the manner just described 
and are shown in table 2. 


TaRBLe 2. Comparison of marimum theoretical gas rate and 
highest stable rates obtainable with the Meker burners 


Maximum stable ™aximum = 
gas rate deter- gas rate obtain- 
able under nor- 


Burner number mined by limit- 


ing curves —— 

Btuhr Btu/hr 
1 11, 600 7, 00 
2 6, 500 3. 880 
3 10, 300 5, 680 
4 11,000 7,350 
6 12, 000 8, 20 
8 6,850 4, 930 
9 29, 000 16, 150 
15 17, 300 7, 000 


In each case the maximum stable gas rate as 
determined by normal operation is much less than 
the rate that could be obtained, provided it was 
possible to obtain higher air injections with an 
orifice capable of passing these higher rates. 

Except for burner 9, which is considerably 
larger than any of the other burners, the highest 
usable gas rate is 8,200 Btu/hr. This rate is 
sufficient for many heating operations but is not 
high enough for all. We believe these burners 
should be capable of giving stable flames up to at 
least 10,000 Btu/hr in order to cover the range of 
Btu rates required for normal laboratory work. 
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VII. Results Obtained with Straight-Tube 


Burners 


The burners shown in figure 2 are all classed as 
straight-tube burners. Limiting curves were ob- 
tained with each of these burners in a manner 
similar to that used for the eight Meker types, 
except that with these burners there is no smother- 
ing limit. Figure 6 shows the position of the 
lifting and yvellow-tip limits and the normal air 


This burner has a fixed 
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— @ YELLOW TIPS 
| © NORMAL INJECTION 
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injection with burner 5 
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Figure 6. Combined curves shou ing the limits of operation 


and normal air injection with stright-tube burner 4. 


orifice of a No. 57 drill size (0.00145-in? area). 
The highest gas rate that is possible with this 
orifice and the maximum 6-in. line pressure is 
6,720 Btu/hr, and the air injection obtained was 
50 percent of the total air required for complete 
combustion. The flame produced was stable and 
fell within the limits of lifting and yellow tips 
but was soft in appearance and was suitable for 
few heating applications. 

On most domestic appliances it is rarely 
desirable to produce very high temperatures of 
the objects heated, and the intensity of the flame 
is usually unimportant. 


tion that results in complete combustion between 


Any condition of opera- 


the limits of lifting and yellow-tips is nearly 


equally satisfactory. In contrast, since laboratory 
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burners are used for igniting crucibles and ot}! 
purposes for which intense flames are needed (o 
produce high temperatures, the highest perce - 
age of primary air practicable without causi 
At least 70 percent of prima 
air should be obtainable. 


lifting is desired. 
In order to obtain su 

an air entrainment with this burner, it was neces 
sary to reduce the size of the orifice to a No. 6s 
drill. 
cent but reduced the maximum gas rate obtai: 
able at the 6-in. pressure to 3,360 Btu/hr. W, 
believe it would be desirable for burners of this 


This resulted in an air injection of 74 px 


type to be capable of producing a hard well-define: 
flame at rates up to at least 5,000 Btu/hr. A 
study of figure 6 indicates that a rate of 5,000 Btu 
hr, with a 70-percent air injection would be a 
stable setting, since this adjustment falls below 
the lifting curve. Actually the maximum rate at 
a 70-percent air injection would be the interse: 
tion of the 70-percent air line with the lifting curv: 
that occurs with this burner at a rate of 5,300 
Btu/hr. 
is not sufficient, however, 


The air injecting power of this burner 
to obtain a 70-percent 
injection with an orifice capable of giving a rate o! 
5,300 Btu/hr with the 6-in. gas pressure available 
It’is evident that this burner needs some modifi- 
cation in order to accomplish such a result with 
natural gas. 

Table 3 shows the maximum stable rate fo: 
each of the straight-tube burners tested. This 
rate was determined from the curves obtained 
with each burner by noting the intersection of the 
70-percent air line with the lifting curve. The 
highest rate obtainable with each burner when 
shown. This was 


operated normally is also 


TABLE 3. Comparison of marimum theoretical gas rate and 


highest stable rates obtainable with the  straight-tubé 


hurne rea 


Maximum stabk 
gas rate obtair 
able under nor 
mal operating 
conditions wit? 
70-percent air it 


Maximum stabk 
gas rate deter- 
mined by inter- 
section of lifting 
curve and 70- 
percent air line 


Burner number 


jection 

Rtushr Ptu/shr 

5, 300 3, 360 
7 7, 500 2, 445 
10 44%) 2, 066 
1! 14, #0 1, 680 
i4 23, 000 | 4,000 
16 5, 100 1, 586 
17 7, 900 4, 331 
Is 2, 500 10, 667 
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obtained by determining the gas rate delivered 
at a 6-in. pressure when using an orifice that would 
give at least a 70-percent air injection. 

This table shows that all of the burners with the 
exception of 18 give usable rates below 5,000 
Btu/hr on natural gas. Burner 18 is a larger 
burner than the others, and according to the data 
in the manufacturer's catalog should be capable 
of operating at a rate of 13,000 Btu/hr. 

This shows that the straight-tube 
burner, like the Meker burner, must be rede- 
signed if a range of usable rates higher than can 


average 


now be obtained is required. 


VIII. Basic Data for Burner Design 


Research conducted on domestic atmospheric 
burners has shown that if optimum performance 
of the burner is to be obtained certain dimensional 
relationships must be adhered to. 

Those factors that are of importance to the 
operation of a laboratory burner are discussed 
below. 

1. Port area. 
there is a definite relation between the port area 


Previous work has shown that 
and the maximum rate at which gas can be 
burned. It is also known that the maximum rate 
per square inch of port area is different for gases of 
different For example, the port 
area required to burn natural gas at a definite 


composition, 


Btu rate is greater than for manufactured gas 
because of the greater tendency of the natural gas 
flames to lift. Consequently, if the same burner 
were used on both gases without any change of 
port area, it would not be possible to obtain a 
stable flame with natural gas at as high a Btu rate 
as could be obtained with one of the manufac- 
This variation in rate for equal 
following 


tured gases. 
indicated by the 
in studies of 


flame stability is 


figures, which were determined 


range burners. 


1 ABLE 4. Varimum Rtu per square inch of port area for 


gases of different composition 


Data determined on gas range burners. All determined at 70-percent air 


niection 

Maximum rate 
ype of gas per square inch 

of port area 

Ptushr 

Natural 10, 000 

Manufactured 19, 000 

Liquefied petroleum 12, 000 
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However, port area and gas composition are 
not the only factors that determine the position 
Two burners 


of the limiting curves of a burner. 
may have the same total port area but one may 
have a single opening, as is the case with a straight- 
tube burner; the other may have a number of 
smaller ports. These two burners would not 
have the same limits of operation and would 
therefore not be likely to have the same limit of 
usable gas rate. The heat transfer from the burner 
tube to the gas mixture, the uniformity of mixing 
of the air and gas within the burner, and the 
spacing of the ports are also conditions that 
influence the position of the limits of operation. 
All of the range burners used in determining the 
maximum rates given above were similar in design, 
whereas the 16 laboratory burners used in this 
study have wide differences in their construction. 
Because of this variation in design there is no 
certainty that the same relation between port 
area and rate would be obtained as with the range 
burners nor that the various laboratory burners 
would all give the same result. One of the Meker 
burners was supplied with three heads of different 
size, having port areas of 0.54, 1.02, and 2.07 in. 
respectively. Limiting curves were determined 
for each of these burner heads, and the maximum 
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Figure 7. Variation in mazimum stable gas rate with 
change in port area. 


Curve determined with burner ¢ 








stable rates were determined for each by the 
intersection of the lifting and smothering curves. 
These three rates were then plotted against the 
corresponding port area and give the curve shown 
in figure 7. This curve gives a straight-line rela- 
tionship between the port area and the maximum 
stable rate and indicates that this burner should 
be capable of burning 12,000 Btu/hr per square 
inch of port area. Assuming that data of a similar 
nature, if it could have been determined on the 
other Meker burners, would have also given 
straight lines, the results on the other seven 
burners were calculated to a basis of 1 in.* of port 
area with the results shown in table 5. It is 
evident that the maximum rates calculated for 
these burners, all based on 1 in.’ of port area, show 
considerable variation. 


Marimum theoretical gas rate per 1 square inch 
of port area 


Taste 5. 


Data calculated for eight Meker burners 


Computed maxi- 
mum stable gas 
rate per sq in of 
port area 


' Burner number 


Rtujhr 
15, 000 
9, 450 
15, 8&0) 
18, 700 


> wee 


6 ll, soo 
8 27, 000 
iT) 25, 100 
is 25, 500 


' 


If the relationship shown above is also applicable 
to’ the laboratory burner, then the Meker burner 
should have a 1-in.* port area for the rate of 10,000 
Btu/hr previously assumed to be necessary, and 
the straight-tube burners should have a port area 
not less than % in.’ in order to produce 5,000 
Btu/hr. 

None of the burners tested could be used at rates 
as high as the limit set by lifting and smothering. 
On the average, the maximum usable gas rates 
with the eight Meker burners were limited by 
poor air injection to about 60 percent of the maxi- 
mum rate as determined by the limiting curves. 
This is because normal operation depends on fae- 
tors in the design of the burner that do not enter 
into the determination of the limiting curves. 
Such conditions as the shape of the mixing-tube, 
the type and position of the orifice, and the provi- 
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sion for entrance of primary air all affect the air 
injection that can be obtained and therefore have 
a part in determining the maximum usable gas ra‘. 

An average of the results shown in table 5, ex- 
clusive of burner 9, gives a rate of 17,614 Btu/hr. 
Sixty percent of this is a rate of 10,568 Btu/lr 
It therefore seems reasonable to assume that a 
Meker burner properly proportioned should be 
capable of burning gas at the rate of at least 
10,000 Btu/hr per square inch of port area. 

Treating the data obtained on the straight-tube 
burners in a somewhat similar manner, the results 
indicate that a burner having a port area of 0.1 in. 
should allow a rate of 3,350 Btu/hr. In order to 
burn gas at a rate of 5,000 Btu/hr it would be 
necessary to use a port area of 0.15 in. or a tube 
of at least %{s-in. inside diameter. Only one of 
the eight straight-tube burners has a port area as 
large as this. Burner 18 has a port area of 
0.296 in.? and should be capable of burning gas 
at a rate of approximately 10,000 Btu/hr if figured 
on this same basis. The maximum usable rate 
with burner 18 was 10,667 Btu/hr. 

2. Throat area.—In order to obtain maximum 
air injection with a Meker-type burner it is neces- 
sary to constrict the mixing-tube at a point 
just beyond that at which the primary air 
enters. This constriction, or venturi, increases 
the velocity of the gas-air mixture passing this 
point, which in turn increases the suction that 
draws air into the burner at the primary air open- 
ings. It has been determined that a ratio between 
this throat area and the port area of 40 percent 
gives the highest air entrainment. This ratio is 
not too critical but should be held between 35 and 
45 percent. Since this relationship was deter- 
mined on work with domestic burners, it seemed 
desirable to verify it for a laboratory-type burner. 
For this work a straight tube was obtained that 
would fit the burner top having a port area of 2.07 
in. The lower end of this tube was made to 
fit one of the burner bases and provided with 
sufficient primary air openings so that when the 
air shutter was wide open there was ample ares 
for the entrance of air. Five brass inserts with 
throat areas of 20, 30, 40, 60, and 83 percent of 
the port area were made so that they could bx 
inserted into the straight mixing-tube. This 
experimental burner and four of the five insert: 
are shown in figure 8. The air injected with each 
of these five inserts was determined at a 6-in. lin: 
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Experimental burner used for checking 


FIGURE 8. 
fundamental relations on laboratory type burners. 


pressure for each of five different sized orifices. 


Two series of tests were made; one with the gas 
burning or the burner hot, and one with the gas 


unlighted or the burner at room temperature. 
The room-temperature tests had the advantage 
of being able to cover a greater range of gas rates 
without being limited by lifting and flash back. 
The air injection obtained with the burner cold 
was higher than when the burner was hot, but 
both series indicated that with a burner of the 


a ry I —— 


210 























90F 











170 





130 











PRIMARY AIR, PERCENT OF TOTAL AIR REQUIRED 








— we. - sunandl 























J 


5S 20 25 30 35 40 45 55 60 65 70 75 80 8 90 
THROAT AREA TO PORT AREA RATIO 


90 





a 


Figure 9. Comparison of air injected with various ratios 
hetween throat and port area, 


Numbers on curves indicate Btu/hr 
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Meker type the 40-percent throat gives the highest 
air injection. The results determined with the 
burner at room temperature are shown in figure 9. 
These curves also verify the previous findings that 
small variations from a 40-percent ratio of throat 
to port area have a small effect upon the air in- 
jected, although the change in air injection be- 
comes more pronounced as the gas rate is decreased. 

For the Meker-type burner it therefore follows 
that the throat area should be approximately 
40 percent of the port area in order to obtain the 
highest air injection with whatever orifice size is 
used. That this optimum relationship is not 
followed in all of these burners is apparent from 
the following table. 


Ratio between throat and port area for 8 Meker 
burners tested 


TABLE 6. 


Throat area as 
percentage of 
port area 


Burner number 


1 42.9 
2 46.8 
3 25.1 
4 29. 

in 29.6 
s 120.7 
9 51.4 
1 465.8 


The straight-tube burners have no venturi 
throat and studies of air entrainment in straight 
tubes [4] have shown that for this type of burner 
a venturi does not increase the amount of air 
entrained. 

3. Primary air opening.—Work conducted by 
the American Gas Association Testing Labora- 
tories on the amount of opening that should be 
admittance of primary air 
resulted in the that the minimum 
opening should be 1.25 times the total port area 
for burners that would operate normally at less 
For primary 


provided for the 
conclusion 


than 70-percent air entrainment. 
air injection greater than 70 percent, an opening 
of 2.25 times the total port area is recommended. 
It seemed desirable to verify these results on the 
laboratory-type burner. For this purpose the 
experimental burner with the 40-percent throat 
was used. Gas at 6-in. pressure was supplied to 
the burner at a constant rate through one of a 
series of fixed orifices, and air injection tests were 
known primary air openings 


made at various 
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starting with the air shutter wide open and de- 
creasing this opening by small increments until a 
definite decrease in air injection was observed. 
Similar tests were made at other gas rates by sub- 
stituting other orifices until a sufficient range of 
rates was covered. These results are shown in 
figure 10, in which the primary air injected is 


24000; lli00 
37100 15390) 10640 7560 5000 





AIR SHUTTER OPENING , PERCENT OF PORT AREA 





° 40 80 120 160 200 240 
PRIMARY AIR, PERCENT OF TOTAL AIR REQUIRED 
Figure 10. Effect of air shutter opening on primary 


air injected. 
Numbers on curves indicate Btu/hr. 


plotted against the air-shutter opening in percent- 
age of port area. These data verify the American 
Gas Association figure and indicate that the 
primary air opening should be at least 2.25 times 
the port area. Any decrease below 2.25 reduces 
the maximum air that can be injected by the 
burner regardless of the gas rate used. Table 7 
shows the ratio between the primary air opening 
and the port area for the 16 burners tested. 

Only five of these burners have a sufficient open- 
ing for primary air if we consider a ratio of 2.25 
as the minimum that should be provided. In 
fact, the lack of adequate air opening alone is 
sufficient to account for the poor showing of some 
of these burners. 

4. Distance between throat and gas orifice.— 


Tarte 7. Ratio between the primary air opening and .i¢ 
port area for the 16 burners tested 
italiani Ratio timary air opening 
port area 
1 1,42 
2 0.59 
3 1.17 
4 1.10 
5 208 
6 0.92 
7 1.47 
8 3.18 
9 ° 1.18 
8 177 
1 2.49 
“4 3.33 
15 0. 59 
16 La 
17 3. 26 
Is 2.11 


Studies by the gas utilization laboratory at this 
Bureau and other investigators show that it is 
necessary to place the orifice at a correct distance 
from the throat of the burner if optimum air 
injection is to be obtained. A decrease in air 
entrainment results if the orifice is either too far 
away or too close to the throat. The present 
studies indicate that the best results are obtained 
if the orifice is located about two throat-diameters 
away from the throat. Results observed by other 
laboratories show optimum conditions to be ob- 
tained between 0.5 and 2.0 throat-diameters away, 
depending upon the size of the throat used. For 
laboratory-type burners the distance should be 
kept between 1.0 and 2.5 throat-diameters. It is 
also necessary to have the orifice properly cen- 
tered with respect to the mixing-tube. If the 
stream of gas is directed toward the walls rather 
than the center of the mixing-tube, the air en- 
trainment is greatly reduced. Proper centering 
and also proper drilling of the orifice are therefore 
essential. Of equal importance, in this connec- 
tion, is the travel of the needle in an adjustable 
orifice. It should be accurately centered with 
respect to the orifice from the fully open to the 
completely closed position. 

5. Length and shape of the mixing-tube.—When 
a gas under pressure issues from an orifice, the 
momentum of the gas causes the surrounding air 
to be set in motion in the direction of the gas 
stream. Because of the velocity of this gas stream, 
eddy currents are set up in the surrounding air 
The principal function of the mixing-tube is to 
complete the mixing process as rapidly as possible 


Journal of Research 














permit the turbulence to die out, and to supply 
the burner ports with a uniform mixture of air 
and gas. The length and taper of the mixer be- 
yond the throat should be such that the air-gas 
mixture expands gradually without sharp changes 
in diameter or direction that would maintain or 
produce turbulence until the “velocity head” at 
the throat has been largely converted into a 
“pressure head.” The length of the mixing-tube 
should be at least six times the throat-diameter. 
The outlet from the throat should increase gradu- 
ally, and the inlet for primary air should be such 
that the change in direction of flow of primary air 
is as gradual as possible. The best results are 
also obtained if the inside of the burner is smooth. 
Sharp changes in direction and roughness increase 
resistance to flow and result in a lower injection 
of primary air. Additional length of the mixing- 
tube beyond six throat-diameters may be used, 
but the resistance to flow also increases as the 
length increases; and this will cause a reduction 
in primary injection if carried too far. 

6. Burner temperature—A cool burner has a 
higher air injection than a hot one, other things 
remaining equal. It is therefore advantageous 
to build the burner so that the heat is dissipated 
to the room rather than to the mixture of air and 
gas passing through the burner. A burner having 
a head temperature of 500° F has an air injection 
from 2 to 8 percent less than that of the same 
burner operated at room temperature. It has 
been shown that temperature causes a greater 
reduction in primary air injection in burners 
having long- or small-diameter mixing-tubes than 
in those having greater diameters or shorter tube 
lengths. It is also desirable to keep the weight of 
the metal used at a minimum. 

It is believed the use of radiating fins on the 
Meker-type burners would tend to reduce the 
over-all temperature and thus increase the air 
entrained. On these burners, when adjusted for 
a sharp intense flame, the hottest part of the 
flame is very close to the metal of the burner head 
and results in a greater heating of the burner than 
is the case with the single-port burners. 


IX. Results Obtained With Two Burners 
Modified to Comply With Basic Data 


To verify the accuracy of the relationships that 
appear to be required for the satisfactory opera- 
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tion of a laboratory burner, 2 of the 16 burners 
were rebuilt to comply with these dimensions. 

The port area of burner 16, a straight-tube 
burner, was increased from 0.13 to 0.15 in? by 
drilling out the mixing-tube and flame retainer. 
The primary air opening was increased from 
0.1816 to 0.3375 in (2.25 times the port area), 
and the orifice cap was plugged and redrilled with 
a No. 62 drill. When the burner was received 
from the manufacturer the orifice cap was drilled 
with a No. 51 drill, which delivered entirely too 
much gas when wide open. A No. 62 drill passes 
5,000 Btu/hr at a 6-in. pressure without the use 
of the needle. This results in a much higher air 
injection than was possible with the No. 51 orifice 
and still permits the needle to be used to obtain 
lower rates of gas flow. 

The effect of these changes on the limits of 
operation and normal air injection is illustrated 
in figure 11. The curves marked by circles show 
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Figure 11. 
burner 16 to comply with basic requirements. 


Effect on normal operation of rebuilding 


the normal air injection and limits of operation 
that were obtained with the burner as received. 
The highest rate that could be obtained and still 
inject sufficient air to give a reasonably hard 
flame was 2,260 Btu/hr. Even with this rate the 
highest air entrainment was only 59 percent, 


553 





which is on the soft side In order to obtain a 
70-percent air entrainment it was necessary to 
reduce the rate to 1,586 Btu/hr. It will be seen 
from the shape of this curve that the air entrained 
is reduced with each change of pressure below 6 in 

The curves marked with a square show the 
results obtained after the changes described above 
were made With these modifications it is pos- 
sible to obtain a primary air injection of more than 
70 percent at any pressure above 1 in. of water 
and the maximum gas rate is increased to 5,160 


Btu hr 
pressure have little effect upon the air injection; 


It will also be observed that changes in 


the curve remains practically horizontal until 


pressures below 3 in. are used. Increasing the port 
area also improves the burner from the standpoint 
of both lifting and yellow tips as can be seen from 
the position of the two lifting and yellow-tip 
curves. It is therefore apparent that changing this 
burner so that the basic requirements are met not 
only improves the air injection but also increases 
the range of air entrainment within which the 
burner can operate without encountering a limit- 
ing condition. The modified burner can be satis- 
factorily operated at more than double the former 
usable gas rate. This is also illustrated in figure 
12, which shows the comparison between the flame 
produced on the modified burner and that obtained 
on a duplicate burner used as received from the 
manufacturer. Both burners are adjusted so that 
gas is being burned at a rate of 5,000 Btu/hr. 
The flame on the modified burner is well aerated 
and hard in appearance while the flame on the 
burner on the left is soft in appearance and is not 
suitable for any operation where the application 
of intense heat is required 

Burner 6, a Meker type, was also changed so 
that its dimensions corresponded with the basic 
In this case the port area was not 
The throat of 


this burner was too small, however, being only 


requirements 


changed since it was already 1 in- 


29.6 percent of the port area, and the primary air 


opening was only 9.92 instead of 2.25 in2 A new 
mixing-tube with a 40-percent throat and an air 
opening of 2.25 in.2 was made A No. 55 fixed 


orifice, the size to pass 10,000 Btu/hr at a 6-in 
line pressure, Was used The results before and 
after these changes are shown in figure 13 The 
position of the limiting curves would remain the 
same, because no change was made that would 


affect either lifting, smothering, or the appearance 
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of yellow-tips. The normal air-injection cu 
marked by circles was obtained with the burner 
received and indicates that a No. 56 orifice is t 
largest size that can be used and still hav 


normal air injection that is in the stable regio 


The highest rate that could therefore be used wit 








produced by two sin 


Fieure 12 Comparison of flames 
modified to n 


hurners. one as received and the other 


this burner was 8,200 Btu/hr. The normal inje« 
tion curve marked by squares shows che norma 
air injection obtained with a No. 55 orifice aft 
the changes were made. This is a larger orifi 
and delivers 10,000 


[It will also be observed that the air entrainment 


stu/br at a pressure of 6 


higher than was obtained with the smaller orific 
The flan : 
produced is stable at all pressures, and the burn 


before the modifications were made. 
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Figure 13. Effect on normal operation of rebuilding 
burner 6 to comply with basic requirements. 


is now usable at a gas rate 22 percent above its 
former maximum. 

This modified burner was also compared with a 
similar unmodified burner using propane as the 
fuel gas. Both burners were adjusted for the 
highest stable rate at a pressure of 11 in. of water. 

The largest orifice that could be used with the 
unmodified burner was a No. 63, which gave 
9,870 Btu/hr. 

The modified burner having the proper throat 
size and primary air opening was capable of pro- 
ducing a stable flame with a No. 59 orifice, which 
delivers gas at the rate of 13,000 Btu/hr. 


X. Summary 


Sixteen laboratory burners were included in this 
investigation, eight of the Meker and eight of the 
straight-tube type. Each burner was tested, and 
the limits within which it could be satisfactorily 
used were determined. 

The average Meker burner could not be used 
at a rate above 6,363 Btu/hr on the natural gas 
distributed in Washington, D. C., whereas the 
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average usable rate with the straight-tube burners 
was only 2,781 Btu/hr. A survey of the various 
heating operations for which a laboratory burner 
is used indicated that the Meker-type burner 
should be capable of producing a hot stable flame 
up to 10,000 Btu/hr, and the straight-tube burners 
should be usable at rates up to 5,000 Btu/hr. 

A comparison of the dimensions of these 16 
burners with the fundamental relations for good 
burner operation brings out three major reasons for 
their unsatisfactory operation on natural gas. 

(1) Too small a port area—A Meker burner 
should have at least 1 in.’ of free port area in order 
to deliver as much as 10,000 Btu/hr. A study of 
table 2 indicates that only two of the eight Meker 
burners tested were as large as 1 in. From the 
results obtained on the straight-tube burners a 
port area of at least 0.15 in.* should be used if 
rates up to 5,000 Btu/hr are desired. Only one of 
the straight-tube burners had a port as large as 
0.15 in? 

2) Improper throat size.—Results both from 
this study and those conducted by other investi- 
gators show the need of a throat having an area 
equal to 40 percent of the port area, if optimum 
air entrainment is to be obtained with a Meker- 
type burner. Most of these burners were unable 
to inject enough air to give a satisfactory flame 
with an orifice of adequate capacity. As shown 
by table 6, only three of the Meker burners had 
throats close enough to the 40-percent requirement 
to approach optimum conditions. 

(3) Insufficient primary air opening.—Figure 10 
illustrates the need for an air opening equal to at 
least 2.25 times the port area in order to iasure a 
sufficient opening for the entrance of primary air. 
A burner may be designed with sufficient port 
area and the proper venturi throat to inject a high 
percentage of primary air but be prevented from 
doing so because of too small an opening for the 
air to enter the mixing tube. Of the 16 burners 
tested, only 5 had a ratio of air shutter opening to 
port area as large as 2.25. 

In addition to the three factors given above, 
use of the proper orifice size is equally important. 
Some of the burners were equipped with adjust- 
able orifices, which when used with the needle 
backed out gave entirely too high a gas rate for 
proper operation. By using the needle the rate 
could be reduced to the desired amount, but so 
much of the orifice was blocked by the needle 
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when this condition was obtained that the air 
injection was impaired. It is much better to use 
an orifice size that will give the maximum rate 
desired when used in its wide open position and 
use the needle only to reduce the rate below this 
maximum. This will insure the maximum air 
entrainment from the standpoint of orifice size 
because the smaller the orifice the higher the per- 
centage of air entrained. If a fixed orifice is used, 
it is obvious that the size should be the proper 
one for the maximum rate desired. In addition to 
the need for more care in the size of the orifices 
supplied with these burners, more attention should 
also be given to their assembly. The orifice 
should be centered with respect to the mixing 
tube and drilled so that the gas emerges in a 
vertical stream. The adjustable needles should 
also be accurately centered with respect to the 
orifice and stay centered as they are turned from 
one position to another. 

The distance between the throat and the gas 
orifice, the length and shape of the mixing tube, 
and the temperature of the burner are all factors 
that affect the operation of a burner and should be 
given some consideration. 

Two burners, one a straight-tube and the other 
a Meker type, were modified so that they com- 
plied with the basic requirements that appeared 
to be necessary from the results of our studies. 
These modified burners were retested and found 
to be greatly improved, both were capable of 
satisfactory operation over the range of gas rates 
desired. 

It is believed that the use of these basic data by 
the manufacturers of laboratory burners would 
greatly improve this type of appliance and elim- 


inate the dissatisfaction which is now so eviden 
where natural gas is distributed. A burne 
properly designed for natural gas should also giv, 
satisfactory performance with liquefied petroleum 
gases by merely substituting the proper orifice 
size. 
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Studies on the Purification of Collagen 
By James M. Cassel and Joseph R. Kanagy 
Several methods of purifying collagen were studied. The effects of particular treatments 
on collagen were followed by nitrogen determinations, by electrometric titration analyses, 
and by electrophoretic measurements. 

Treatment of the raw material with trypsin, as in the conventional method for the 
preparation of collagen, results in changes that lead to a degradation of the collagen in sub- 
sequent extractions. Treatment with dilute salt solution followed by trypsin produces a ma- 
terial of comparatively low isoelectic point (pH 5.5). Apparently soaking in dilute salt 
solution is not detrimental to collagen, and it is recommended that this type of extraction 
be substituted for the extraction with trypsin. 

A technique for removing all but a negligible part of the mineral content from collagen 
is described, and a procedure is recommended for use in the preparation of ash-free gelatin. 

A specification is proposed for purified collagen: (1) The water extract shall have a pH 
range of 6.0 to 7.0; (2) the isoelectric point (determined electrophoretically) shall be between 
pH 6.0 and 7.5; (3) the material shall have an ash content of less than 0.1 percent, total 
nitrogen content of 17.8 to 18.1 percent, and an amide nitrogen content (determined by 
hydrolyzing for 20 hours in 0.1 N hydrochloric acid at 90° C) of at least 3.8 percent, expressed 





as percentage of total nitrogen. 


I. Introduction 


As a preliminary to proposed work on the 
chemistry of collagen, it is considered necessary 
to reexamine the methods that have been used in 
the past for the preparation of a purified material. 
The ultimate objective of a process for the purifi- 
cation of collagen is the production of a pure, 
unifoem, readily reproducible material in virtually 
the same physical and chemical state in which it 
exists in the raw hide. 

The chief source of collagen is raw cattle hides. 
Coexistent with the collagen in the hide are small 
quantities of extraneous materials as outlined in 
figure 1. The problem is to effect a separation of 
these materials with the least possible alteration 
of the chemical structure of the collagen. 

In 1936 Highberger [1]! proposed a method of 
purification that has been generally used in this 
country. The method includes tryptic digestion 


‘ Figures in brackets indicate the literature references at the end of this 
paper. 
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Figure 1. Outline of the materials coexistent with collagen 


in the hide corium. 


of fresh corium under carefully controlled condi- 
tions, removal of fats with organic solvents, ex- 
traction with half-saturated calcium hydroxide 
solution, and deliming with acetic acid. 

The use of trypsin has been the subject of much 
discussion. The work of Thomas and Seymour- 
Jones [2] and that of Merrill and Fleming [3] 
showed that hide powder, obtained from cowhide 
that was strongly limed for dehairing purposes, 
was digested by trypsin. However, Marriott [4] 
showed that collagen-containing material could be 
extracted with a trypsin solution under carefully 
controlled conditions with practically no adverse 
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effect on the collagen if the collagen-containing 
material had not been previously subjected to the 
action of reagents likely to cause some alteration. 
Recently it has been reported that British investi- 
gators [5] have elected to omit the trypsin treat- 
ment and the extraction with half-saturated 
caleium hydroxide solution. 

The present research was designed primarily to 
determine the effect on collagen of the various 
reagents used during its purification, and special 
effort was made to ascertain the effect of trypsin. 
The studies included determinations of amide 
nitrogen, soluble nitrogen, and total nitrogen, 
electrometric titration analyses, and electropho- 
retic measurements. 


II. Experimental Material 


The collagen used in this work was prepared in 
the leather laboratory of this Bureau from steer 
hide obtained from the Beltsville Agricultural 
Research Station. The hair was closely clipped 
within an hour or two after the animal’s death. 
The hide was cut into strips 4 by 60 in., parallel 
to the backbone and portioned into four groups 
for the separate purification methods. 

The preliminary treatments of purification 
varied between groups and are given in figure 2. 


STEER HIDE 


PARTIAL DEHAIRING (SHEARS) 
! 








f 1 
{ PARTIAL DEHYDRATION (ACETONE) 
! 
SALT SOLUTION SPLITTER 
r 
= T ] 
8 Cc 0 
! 


TRYPSIN SOLUTION | 
SALT SOLUTION 


! 
TRYPSIN SOLUTION 


Schematic diagram of the initial steps of the 
purification methods. 


Ficure 2. 


After this preliminary treatment, all portions were subjected to the follow- 
ing treatment: Acetone, alcohol, lime solution, acetic acid, water, alcohol, 
and ethyl! ether. 


One portion (A) was placed immediately in a 
5-percent sodium chloride solution, which had 
been chilled to about 6° C. The salt liquor was 
drained off daily, and fresh solution was added. 
After a month of such treatment, during which 
time the temperature of the salt solution was 


maintained at 6° C, the epidermal layer could by 
scraped off with a knife. The fatty layer wa: 
removed by the splitting machine. Extractio; 
with trypsin was not included in the preliminary 
treatment of this portion of the hide. 

The remaining three portions (B, C, and D) of 
the hide were partially dehydrated by treatment in 
acetone overnight to facilitate splitting off the 
epidermal and fatty layers in the splitting machine. 
Batch B received no other preliminary treatment. 
Batch C was treated with trypsin according to 
the method suggested by Highberger [1]. The 
third portion of this subdivision of the hide, 
D, was subjected to an extraction with dilute salt 
solution in a manner similar to that described for 
batch A and was then treated with trypsin. 

The principal steps of the purification scheme 
were the same for all batches of material and 
included the following treatments: acetone and 
alcohol extraction to remove fats; extraction with 
lime solution to remove mucoid protein; treat- 
ment with acetic acid to delime; washing with 
water; and dehydrating first in aleohol and finally 
in ethyl ether. 

Collagen from a second steer hide was purified 
according to the method suggested by Highberger 
[1]. Specimens from each step of the process 
were used for electrophoretic measurements so 
that changes in the surface characteristics of 
the collagen caused by each treatment could be 
determined. 

Two samples of hide collagen that had been 
prepared by the method of Highberger [1] several 
years previous to this work were also tested. In 
addition, two sample that had been prepared at 
Cincinnati University 8 years ago were compared 
with the collagen prepared in these experiments. 
One of the samples had been treated with trypsin 
solution, and the other had been treated with 
trypsin solution and lime solution. 

Small portions of collagen were prepared from 
the bone and tendon of a steer by the method of 
Beek [6]. The process included the necessary 
acid extraction to remove the calcium phosphate 
from the bone. The treatment with trypsin was 
omitted in the preparation of one sample of the 
bone collagen. 

The hide powder used in this work was the 
ALCA Standard Official Hide Powder Lot No. 21. 
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III. Methods and Results 


Several methods of analysis were used to follow 
the specific effect on collagen of the various puri- 
fication procedures. These methods included 
determinations of nitrogen, and of acid- and base- 
combining capacities, and electrophoretic measure- 
ments. 

1. Treatment With Trypsin Solution 


The extent of the action of the trypsin solution 
on collagen was estimated from the amor uts of 
nitrogenous material dissolved. In each treat- 
ment 4 ml of a 1-percent trypsin solution was 
added per gram of moist corium. The corium 
covered with this solution was incubated at a 
temperature of 35° C for 20 hours. The superna- 
tant liquid was then drawn off and 200-ml 
aliquots were retained for Kjeldahl nitrogen de- 
terminations. After rinsing the corium in dis- 
tilled water, the process was repeated a second and 
third time. 

The nitrogenous material in solution following 
each trypsin extraction is composed of that intro- 
duced by the water solubilization of albumins, 
globulins, and to some extent mucoid, and that 
produced by the action of the enzyme on the 
collagen material. This latter portion is, for the 
most part, the result of the specific solubility effect 
of trypsin on elastin [7]. The results are shown in 
figure 3. The ordinate of the figure represents the 
loss in nitrogen per 50 g of collagen for each ex- 
traction. The points along the abscissa represent 
the successive treatments of 20 hr each. In all 
except one instance the curves level off toward a 
small constant value after three extractions. The 
tendency for these nitrogen values to approach a 
constant is in agreement with the results obtained 
by Highberger [1] that the maximum effect of 
trypsin on elastin takes place during the first three 
extractions. The results with bone collagen indi- 
cate that degradation of the collagen becomes sig- 
nificant after the third extraction with trypsin. 
Apparently the acid treatment included in the 
preliminary steps of the purification of the bone 
collagen has made the material more susceptible 
to reaction with trypsin. 

Highberger showed that when trypsin is de- 
activated the main portion of soluble nitrogenous 
material in the first two extractions does not arise 
from enzyme activity but is due to the presence 
of soluble protein. This would probably account 
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Figure 3. Effect of preliminary treatment of collagen- 
containing materials on the nitrogenous compounds solu- 
bilized in subsequent trypsin extractions, 


The nitrogen values are per 50 g of collagen. ©, Hide collagen (C), no pre- 
vious treatment; ©, hide collagen (D), salt treated; x, tendon collagen, 
washed in water; @, bone collagen, acid treated. 


for the comparatively high nitrogen result for the 
portion of corium C, on the first of the three 
extractions with trypsin. (See fig. 3.) Batch C 
had received no washing prior to the treatment 
with trypsin, whereas the other samples had been 
washed in aqueous solutions that solubilized some 
of the nitrogen-containing material. 


2. Treatment with Calcium Hydroxide Solution 


The extent of the action of half-saturated lime 
solution on collagen was followed by a series of 
tests similar to those used for studying the effect 
of trypsin. In each treatment 10 ml of the cal- 
cium hydroxide solution was added per gram of 
moist corium. The corium-lime solution mixture 
was agitated on a shaker at room temperature for 
1 hr. The supernatant liquid was then drained 
off and 200-ml aliquots were retained for the 
Kjeldahl nitrogen determinations. The process 
was repeated a second and third time. 

The purpose of this treatment is to remove the 
mucoid protein. McLaughlin and Theis [8] found 
0.45 percent (calculated on dry basis) of this ma- 
terial in the corium of steer hide. This substance, 
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which contains about 2.4 percent ef sulfur and 
12.4 percent of nitrogen, exhibits properties of a 
carbohydrate as well as those of a protein. 

The absolute values for the soluble nitrogenous 
materials given in figure 4 are not important, but 
the relative values for different collagens seem to 
have some significance. The four highest nitro- 
gen values in the first extraction period are from 
those collagens that had been treated with trypsin. 
In the sample of bone collagen treated with 
trypsin, the soluble nitrogenous material from the 
first calcium hydroxide extraction was four times 
greater than that found in the sample of bone 
collagen not treated with trypsin. 

A similar comparison can be made of two hide 
collagen samples, the purification of which in- 
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Ficure 4. 
ing materials on the nitrogenous compounds solubilized 


Effect of previous treatment of collagen-contain- 


in subsequent calcium hydroride extractions. 

The nitrogen values are per 100 g of collagen. , Hide collagen, no pre vious 
treatment; ©, hide collagen, treated with salt and trypsin; (), hide collagen, 
treated with trypsin; @, hide collagen, treated with salt; X, tendon collagen, 
treated with trypsin; ®, bone collagen, treated with acid and trypsin; &, bone 
collagen, treated with acid 
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cluded a treatment with dilute salt solution. T) 

ratio of the nitrogen content of the exhaus 
liquors from the initial lime extraction of th 
sample treated with trypsin and salt solution an 

that treated with trypsin alone is 3:1. A compar 

son of the hide collagen samples that had no sa| 
treatment and differed only in the trypsin treat- 
ment shows the same trend. The exhaust liquo 
from the first lime extraction of the sample pri 

viously treated with trypsin has one and a hal! 
times the nitrogen content of the exhaust liquo 
from the sample that had not been treated wit! 
trypsin. Apparently the treatment with trypsi: 
changes the materials in some manner so that 
they are more easily degraded in subsequent 
treatment with lime water. 

It should be pointed out that the material least 
affected by this lime extraction is the collagen 
which was leached in the 5-percent sodium chlorid: 
solution and which was not treated with trypsin 


3. Determination of Total Nitrogen and Amide 
Nitrogen 


Total nitrogen in the collagen samples was 
determined by the standard Kjeldahl method 
The amide nitrogen contents of the collagens 
were determined by hydrolyzing in 0.6 N sulfuric 
acid for 3 weeks at 60° C and in 0.1 N hydrochlori: 
acid for 20 hrs at 90° C. In both methods the 
solutions neutralized and ammonia dis- 
tilled over in the presence of an excess of mag- 
nesium oxide. As the 
obtained varies with the conditions of hydrolysis 
and distillation [9], the results have no absolut: 
However, the relative differences 
results obtained from different 
samples under the same conditions of hydrolysis 


were 


amount of ammonia 


significance. 
between the 


and distillation give a measure of the effects o! 
the purification treatments on the amide nitrogen 
content. 

In table 1 the amide values of columns 4 and 
5 are for hydrolyses carried out at 60° and 90° C, 
respectively. By either method it is apparent 
that the amide value for the hide collagen that 
was extracted in the dilute salt solution and then 
treated with trypsin is approximately 0.25 per- 
cent lower than that for the other three hide 
collagens. The other hide collagens have approxi- 
mately the same concentration of amide nitrogen 
These results indicate that the trypsin treatment, 
when not preceded by soaking in dilute salt 
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solution, did not attack the amide linkage. 
However, the combination of the action of the 
dilute salt solution and the trypsin appears to 


have lowered the amide nitrogen. 


Pare | Effect of various treatments on nitrogen values of 
collagen 
Amide nitrogen as 
percentage of 
total nitrogen Total 
Sample Source rreatment hydrolyzed at nitro 
gen 
wc wc 
Pereen' 
1 Hide Blank 4.27 17.75 
2 do Trypsin 3. 54 434 17.81 
do Salt solution 50 4.23 17. 89 
4 do Salt solution, 3. 25 4.04 17. 87 
trypsin 
Bone Acid 2. 36 2. 99 17. 76 
6 do Acid, trypsin 2. 22 2. 94 18. 00 
7 Hide powder Lime, trypsin 2.15 2. 46 17. 41 


Table 1 shows that the amide nitrogen content 
of the hide collagen samples is considerably higher 
than that of the bone collagen or hide powder. 
The bone collagen was subjected to a long acid 
hydrolysis, and the hide powder to a severe 
In either treatment amide bonds 
attacked and the nitrogen 


liming process. 
have 
contents lowered. 


would been 

The nitrogen content of collagen (expressed as 
total nitrogen) does not seem to be definitely 
related to the method of preparation. Although 
the bone collagen sample treated with trypsin had 
about 1.2 percent less amide nitrogen than the 
hide collagens, its total nitrogen content was 
was greatest of the group. In neither the bone 
collagen nor the hide powder was the loss in amide 
nitrogen apparent in total nitrogen content. This 
might be due to removal, during purification of 
collagen, of proteins with comparatively low 
nitrogen contents, a process which would, in effect, 
increase the percentage of nitrogen in the final 
product. 


4. Determinations of Acid and Base Combining 
Capacities 


Combination of acid and base with the several 
collagen preparations was determined in potassium 
chloride solutions of constant ionic strength. The 
volume and normality of potassium chloride were 
varied with each acid or base concentration to 


maintain an ionic strength of 0.1. To 1 g of 
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protein in a glass-stoppered bottle was added 


100 ml of a solution having a known concentration 
base and a known concentration of 
potassium chloride. The equilibrium pH was 
determined with a glass electrode after 24 hr. 


of acid or 


For each bottle containing collagen, a bottle was 
prepared containing only the 100 ml of the aqueous 
medium, and then the acid or base bound by the 
protein was determined by difference. Since large 
changes in acid (base) content produce only small 


changes in the pH of extremely acid (basic) 
solutions, the maximum acid (base) binding 


values are subject to error. 

The titration results are shown in figure 5. 
Maximum acid-binding values lie between 0.84 
per gram for hide powder and 
for the collagen 


milliequivalent 
0.89 milliequivalent per gram 
that had been treated with dilute salt solution 
but not with trypsin. 
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Figure 5. Comparison of the acid-base titration curves of 


the various hide collagens and hide powder. 


collagen, trypsin and salt extracted 
x, collagen, extracted with trypsin 


, Commercial hide powder 
collagen, no salt or trypsin treatment 
@. collagen, extracted with salt 
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The collagen curves show a decided similarity 
regardless of method of preparation. The mate- 
rial that had been exposed to dilute salt solution 
and then to trypsin tended to have a more acidic 
nature than the other hide collagens. This is 
evidenced by its isoionic point of pH 6.2. The 
isoionic point is defined as the point at which dis- 
sociable groups of a substance combine equally 
and only with the hydrogen and hydroxyl ions 
[10]. Within the pH range 5.0 to 12.0 the curve 
for the hide powder indicates much greater base 
binding than that exhibited by any of the colla- 
gens. Between pH 7.0 to 9.0 this average differ- 
ence is 0.17 milliequivalents. This may be 
accounted for by the difference in the average 
amide nitrogen content of the collagen samples 
and that of hide powder (0.16 milliequivalents). 


5. Electrophoretic Analysis 


The Abramson horizontal, microelectrophoresis 
cell that was used to make the mobility measure- 
ments is adequately described by Moyer [11]. A 
practical application of the cell in the investiga- 
tion of wool protein is given by Harris [12]. The 
microscope was used with an 8-mm objective and 
a 20 eyepiece. The buffer mixtures were as 
follows: pH 2.4 to 3.6, potassium chloride-hydro- 
chlorie acid; pH 4.0 to 5.6, sodium acetate-acetic 
acid; pH 6.0 to 7.8 disodium phosphate-dihydro- 
gen phosphate; pH 8.0 to 9.2, boric acid-borax, 
pH 10.0 sodium hydroxide-boriec acid-potassium 
chloride. The ionic strength of all buffers was 
0.005. The pH values were measured with glass 
electrodes and referred to 0.05 M potassium acid 
phthalate (pH 4.01), and to 0.01 M borax (pH 
9.18). The specific resistance of solutions intro- 
duced into the cell was determined with a pipette 
conductivity cell and a conductivity bridge [11]. 
Two or three groups of measurements, each con- 
sisting of at least 10 measurements of the velocity 
of the particles, were made at each selected pH. 
When mobilities were very low, the velocity of 
the particles was measured in layers adjacent to 
the stationary layer, and mobility was evaluated 
by graphical integration of the curve obtained by 
plotting velocity against depth [13]. Sufficiently 
stable suspensions for the measurements were 
prepared with a Waring Blendor. 

The mobility measurements were made in a 
room at approximately 23° C. All values were 
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corrected to 25° C by applying a factor of 2 px 
cent per degree [11]. 

As a check on the electrophoretic technique ‘0 
be used, determinations were made of the mobi!.- 
ties of collagen previously prepared at this Bureay 
and of that sent to the Bureau from the Universi y 
of Cincinnati. The results of these measure- 
ments are shown in figure 6. The isoelectric 
points determined by this work agree very wel! 
with those found by Beek and Sookne [14] and by 
Highberger [15] on these same materials. 
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Ficure 6. Comparison of the pH-mobility curves for some 

hide collagens in storage for several years. 


©, Purified in the leather laboratory of this Bureau, Highberger proc: 
dure; (@, purified in the leather laboratory of this Bureau, Highberger pro- 
cedure; @, purified in another laboratory, Highberger procedure; ©, purified 
in another laboratory, Highberger method with elimination of lime treat 
ment. 


In figure 7 the mobility-pH curves are plotted 
for the hide collagen samples prepared in a manner 
discussed previously in the text. The isoelectric 
point (pH 5.5) of the material extracted with 
dilute salt solution and trypsin is lowest of this 
group. 

The very close agreement in isoelectric point 
(6.4, 6.5, 6.4) of the other hide collagen prepara- 
tions indicates that either trypsin or dilute salt 
solution, if used alone, will not seriously alter the 


surface characteristics of the product. However, 

a combination of these two extractions in prepara- ; 
. . . iS. 

tion of collagen has produced a more acidic surface : 


than would seem desirable in undegraded material. 
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Figure 7. Effect of method of purification on pH-mobility 
curve of collagen. 


©, Extracted with salt and trypsin; (D, extracted with trypsin; @, extracted 
with salt; O, no extraction with salt or trypsin. 





725 ] - r 























—+—— 





os} ee 








| 
7 
— a 2 





MOBILITY , U / SEG / VOLT/CM 


05 -F———+ 




















2 3 4 5 6 7 8 9 
at 


Ficure 8. Comparison of the pH-mobility curves of hide 
collagen with those of hide powder, bone, and tendon 
collagen. 


>, Tendon collagen; ©, bone collagen, treated with trypsin; Q, bone col- 
lagen; @, hide powder; X, hide collagen 
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The curves in figure 8 show the mobilities as a 
function of pH for collagen from hide, tendon, and 
bone, and for hide powder. The hide collagen is 
isoelectric about one pH unit higher than the 
other collagens. This is probably due to the 
drastic hydrolysis to which these materials were 
subjected during purification. Beek and Sookne 
[14] have suggested that the decrease in amide 
nitrogen content is accompanied by an increase in 
the number of free carboxyl groups, the net result 
of which is to shift the isoelectric point to a more 
acid region. The results obtained with the two 
bone collagen samples, one of which was treated 
with trypsin, are similar. Since the materials 
are isoelectric at the same pH value, the extrac- 
tion with trypsin would seem to have had little 
effect on the characteristics of the collagen. 
However, results discussed earlier in this paper * 
indicate that trypsin has a deterimental effect on 
bone collagen previously subjected to prolonged 
treatment with acid. It can only be assumed that 
any degradation that occurs during the extraction 
with trypsin has no effect on the surface charge 
of the finished product. 

Figure 9 shows the mobility curves of specimens 
of collagen taken from the material at certain 
steps of one of the purification processes. (See 
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Figure 9. The pH-mobility curves of collagen determined 
at various stages of the purification process. 


O, Raw collagen; @, collagen treated with trypsin; 6, collagen subjected 
to complete purification. 


sec. II.) The isoelectric point of the raw, unpuri- 
fied collagen is pH 5.8. Extraction with trypsin 
has not shifted the isoelectric point but has made 
the material more reactive, as evidenced by the 


2 See discussion of nitrogen analyses made on trypsin extracts. 
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steeper slope of the curve on either side of the iso- 
electric point. The effect of the calcium hydroxide 
treatment has been to raise the isoelectric point. 
This shift in isoelectric point to a more alkaline 
region is the same sort of change shown in figure 6 
when the unlimed material was isoelectric at pH 
6.9, the limed material at 7.7. This shift may be 
accounted for by either of two reasons. If the 
mucoid removed by this extraction with half- 
saturated solution of lime is isoelectric at a pH 
lower than collagen, then its removal would raise 
the isoelectric point of the purified collagen prod- 
uct. Hesselvik [16] has made electrophoretic 
measurements on a number of mucoid samples 
and has shown that the isoelectric points of the 
materials varied from pH 3.0 to 4.5. 

A second explanation, and one the authors 
believe to be nearer correct, is that some combi- 
nation between carboxyl groups of the collagen 
and calcium atoms occurs during the lime extrac- 
tion. Any tendency to inactivate the carboxyl 
groups would raise the isoelectric point. Presum- 
ably if all the calcium picked up by the collagen 
were not washed out in deashing the product, the 
isoelectric point of the product would be changed 
toward a more alkaline pH. 


IV. Amide Nitrogen Content and 
Isoelectric Point 


Previous investigators [14] have indicated that 
the isoelectric point and amide nitrogen content of 
collagen were related. In table 2 the amide con- 
tent and isoelectric point are listed for several 
collagen samples. The two collagens of lowest 
amide nitrogen content have the lowest isoelectric 
points. However, one sample having about 1 
percent greater amide nitrogen has an isoelectric 
point in the same region. There appears to be no 


TasBLe 2. Correlation of nitrogen values with isoelectric 
points 
Sample — RA sda “~-¥ 
Percent Percent 

1 Steer hide 3. 9 17.54 7.7 

2 do 4.14 17.97 7.0 

3 do 3.83 17.38 4.9 

‘ --.do iu 17.81 6.5 

5 -. do 4.27 17.7 4 

6 do 4.01 17.71 

7 Bone 206 18.00 5.4 

8 Hide powder 24% 17. 41 5.1 
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correlation between the isoelectric point and ami - 
nitrogen values of the first five samples. Appa: 
ently whereas a low amide content indicates a lo 
isoelectric point, there must be other factors tha: 
also have an influence on the location of the 
isoelectric point. 

The total nitrogen contents of the preparations 
appear to bear no direct relation to their isoelectric 
points. This same result with wool was noted by 
Harris [12] in 1932, who found that a difference of 
1 percent in nitrogen content did not result in 
different isoelectric points. 


V. Preparation of Ash-Free Collagen 


It is desirable for research purposes that purified 
collagen be as free of mineral matter as possible 
The average ash content of the materials prepared 
during this study was 0.06 percent. Since it is 
preferable in many instances to use a product 
with even less ash content, a method was sought 
that could remove the bulk of the retained mineral 
matter. The collagen was leached in frequent 
changes of distilled water kept at 6° C. The bulk 
of the leach water was ejected by pressing at 
5,000 Ib/in. in a Carver press. The conductivity 
and pH were determined for each extract. The 
product was considered as free of mineral matter 
as this technique would permit when after 4 days 
of contact with distilled water the conductivity 
of the extract was 5X10~° mho and the pH was 
6.5 (conductivity of distilled water 1.5 107° mho, 
pH 5.6 to 6.0). Spectrographic analysis of the 
dried collagen revealed 50 parts per million of 
copper and of iron, 20 parts of lead and of calcium, 
and 10 parts of tin and of chromium. 

A procedure of the type outlined above would 
vield a collagen from which ash-free gelatin might 
be derived for dielectric and other fundamental 
studies. 


VI. Specifications for Purified Collagen 


It is believed that a specification for purified 
collagen might be of value in furthering funda- 
mental research on collagen. It must be stressed 
that these proposed requirements only satisfy 
minimum standards and considerable tolerance ts 
intended. The pH and ash content of a product 
are easily determined. With a minimum of effort 
the ash content can be kept below 0.1 percent and 
the pH between 6.0 to 7.0. The isoelectric point 
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of a purified collagen should not be less than pH 
6.0 as isoelectric values below this indicate deg- 
radation, and not more than 7.5 since higher 
values indicate combined metals or degradation 
[17]. Total nitrogen content of the product 
should be between 17.8 and 18.1 percent. Amide 
nitrogen, expressed as percentage of total nitrogen 
and determined by hydrolyzing for 20 hr in 0.1 
N hydrochloric acid, should not be less than 3.8 
percent. 


VII. Conclusion 


Even though the surface characteristics of col- 
lagen (as determined by electrophoretic measure- 
ments) do not seem to be impaired by an extrac- 
tion with trypsin, there is strong evidence that 
trypsin modified the material in such a manner 
that subsequent treatments result in degradation 
of the product. The large differences observed 
in the values for the soluble nitrogenous material 
in the lime extractions for the trypsin- and non- 
trypsin-treated collagens are evidence of this 
degradation. It was found also that in preparing 
bone collagen the nitrogen content of a third 
trypsin extract was double that of the first, and 
this increase in nitrogen could only arise by 
degradation of the material. 

Although the dilute salt solution in combination 
with the trypsin has been shown to be detrimental 
to collagen, no evidence was observed that the use 
of the 5-percent sodium chloride solution alone 
was harmful. In view of the fact that the main 
portion of elastin is removed mechanically by 
splitting off the grain layer [18, 19] and since the 
salt solution removes the bulk of extraneous 
material without damage to the collagen, it is 
recommended that soaking in salt solution be used 
in preference to treatment with trypsin in the 


purification of collagen. Sinee it has been 
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observed that a material extracted with dilute 
salt solution has not been degraded by a sub- 
sequent lime extraction, the use of a half-saturated 
calcium hydroxide solution would then be justified 
to remove the mucoid. 
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Flame Spectrum of Acetylene from 1 to 5 Microns’ 
By Earle K. Plyler and Curtis J. Humphreys 


The spectrum of an oxyacetylene flame obtained with a welding torch has been observed 
and measured by using a Perkin-Elmer spectrometer, with a LiF prism. Bands were ob- 
served at 1.2, 1.3, 1.52, 1.85, 2.0, 2.3, 2.48, and 2.8 yw, which agree in position and general 
appearance with bands originating in the methane flame, except for newly observed bands 
at 1.5 and 2.3 4. The 1.5-~ band probably represents the »;+-»3 combination in the C,H, 
molecule, and the 2.3-4 band is probably the R-branch of the 2 », band of CO, the P-branch 
being overlapped by the R-branch of the 2.7-4 H,O band. 

The band at 2.8 w shows fine structure on the long wavelength side consisting of 29 lines 
between 2.8 and 3.6 uw, when a flame of reduced oxygen content is used. With a hot flame ob- 
tained with the maximum amount of oxygen, this number is reduced to 10 in the region from 
3.1 to 3.7 w, some of which show good agreement with calculated values for the 21 band 
of OH. On the long wavelength side of the intense CO, emission band at 4.45 uw, 27 rotational 


lines have been observed, some of which agree closely with the rotational absorption lines 


of the CO fundamental. This structure was also observed in the methane-oxygen flame. 


Evidence for the validity of the interpretations of certain features of these bands as 


originating in OH and CO is critically examined, and it is concluded that further observations 


with the higher resolution provided by a grating spectrometer, will be required to establish 


the certain identification of the spectra of OH and CO in the flame. 


I. Introduction 


Recent spectrometric studies [1, 2]* of the 
Bunsen flame and torch flames of natural gas and 
oxygen mixtures have revealed a considerable 
amount of structure, not previously observed, in 
the infrared emission bands. The water vapor 
and carbon dioxide bands account for nearly all 
of the emitted energy. There are however a 
number of other possible features of such flame 
spectra, interest in which has to a great extent 
prompted the present series of investigations. 
These features include bands originating in other 
combustion products, and in the thermally excited 
gas molecules previous to combustion. Vibra- 
tional-rotational bands of OH appear with in- 
creasing intensity as the flame temperature is 


raised. In the region from 2.8 to 3.7 yw there is 


' Part of the subject matter of this paper was presented at the Detroit meet- 
ing of the Optical Society of America, Oct, 21 to 23, 1948, 
? Figures in brackets indicate the literature references at the end of this 
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observed a series of rotational lines that are pro- 
duced by OH and H,O. The relative intensities 
of these two groups are a function of flame tem- 
perature and the chemical composition of the 
burning substances. 

In addition to the bands originating in CO,, 
H,0, and OH, there are bands of low intensity 
that are attributed to methane, the principal 
constituent of the natural gas used in the earlier 
experiments, which is that supplied in the local 
area for household and commercial use. These 
bands are detected only when observations are 
made on the cone of the flame, the under surface 
of which is the only region where appreciable 
numbers of thermally excited molecules of un- 
burned gas might be expected to be found. 

The study covered by this report was under- 
taken with a threefold purpose: to determine if 
the OH rotational components are more intense 
for C,H, than for CH, in combustion; to ascertain 
in the case of acetylene whether a_ sufficient 
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amount of CO was in the flame as an intermediate 
combustion product to permit observation of the 
characteristic infrared bands, under the most 
favorable conditions of combustion; and, if pos- 
sible, to observe the infrared emission bands of 
the C,H, molecule. 

The emission flame spectra of any of the simple 
hydrocarbons, either saturated or unsaturated, 
when mixed with air or oxygen, are closely similar 
in the general features of the energy distribution 
pattern. It is possible, however, to produce 
marked changes in the structure of such spectra 
by varying these conditions, as for instance by 
increasing the proportion of oxygen in the mix- 
ture, which has the effect of elevating the flame 
temperature as long as the fuel mixture remains 
on the rich side. The energy pattern is also 
highly dependent on the region of the flame from 
which the energy is directed into the spectrometer. 
The hottest part of the flame, in general, is that 
just above the tip of the cone, whereas the cone 
itself is cooler and may emit considerable amounts 
of radiant energy from unburned molecules of gas. 


II. Experimental Procedure 


This investigation of the acetylene-oxygen flan» 
was confined to the spectral region from 1 to 5 , 
A Perkin-Elmer infrared spectrometer, fitted wit), 
a LiF prism, was used as the dispersing instrumen:. 
The only modification of the spectrometer was the 
removal of the cover of the source box and rotation 
of the plane mirror to permit location of the flame 
source at a convenient point without removing or 
disturbing the globar source unit. A continuous 
record of the spectrum was obtained by employing 
the amplifying and recording equipment described 
in an earlier publication [3]. An industrial oxy- 
acetylene welding outfit, kindly placed at our 
disposal by this Bureau’s welding shop, was used 
to provide the flame source. The assembly con- 
sisted of the usual gas cylinders, pressure regula- 
tors, and an assortment of welding torches with 
port openings of different sizes. 

Records of the emission spectrum of acetylene- 
oxygen mixtures under various conditions of com- 
bustion and for selected regions in the flame are 
reproduced in the figures that follow. In figure | 
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Ficure 1. a, Infrared emission spectrum of the oxyacetylene welding torch flame, cone of flame projected on the spectromete: 
slit; b, spectrum of portion of flame above the cone under similar combustion conditions. 
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urve a) is shown the emission spectrum of the 
one of the flame. The amount of oxygen in the 
ixture was relatively small, so that a cone about 

cm high was maintained above the tip of the 
orch. The emitted energy includes the spectrum 
originating in the cone, together with that from 
ithe portion of the surrounding flame at the same 
elevation. The figure shows emission bands at 
1.2, 1.3, 1.5, 1.8, 2.0, 2.3, 2.5, and 2.8 yw. All these 
bands, except those at 1.52 and 2.30 y, are produced 
by carbon dioxide and water vapor. There is 
considerable overlapping of portions of the P, Q, 
and R branches of some of the bands occurring in 
this spectral region. When the cone is focused on 
the slit, the carbon dioxide and water vapor spectra 
are reduced in intensity in comparison with higher 
portions of the flame. These spectra are much 
more intense above the cone, and previous studies 
on methane [2] have shown these bands in good 
detail. The purpose of the study of the emission 
from the cone was to ascertain if the spectrum 
originating in the heated acetylene molecules could 
be detected. 

The band recorded at 1.52 » was not present in 
the methane spectrum [1] and is attributed to the 
acetylene molecule. It checks well in position 
with the »,+¥,3 vibration of acetylene. The inten- 
sity is low, but the band appears in a region that 
is free of bands of water vapor and carbon dioxide 
and can be easily observed. 

The band at 2.3 u is interpreted as being part of 
the harmonic band of CO, observed in absorption 
with high resolution by Lagemann, Nielsen, and 
Dickey [4]. It should consist of P and R branches, 
but the P branch of this CO band is overlapped 
by the R branch of the »; vibrational band of H,O 
at 2.5 wu, which makes it impossible to observe its 
real profile. Further evidence of CO emission in 
the torch flame will be considered in a discussion 
of structural features observed in the 4.7-y region. 

The fundamental band, »;, of acetylene is lo- 
cated at 3 u. In this series of observations its 
presence could not be clearly established. The P 
branch of the »; vibrational band of H,O is in the 
same region, and because of its great intensity 
could have completely obscured the emission from 
C,H,. It may be noted that the curve reproduced 
shows a broad emission band extending from 2.6 
to beyond 3.1 yu, with almost no structure, in 
marked contrast to the traces obtained with 
methane. It is probable that the acetylene trace 


Flame Spectrum of Acetylene 





through this region represents a superposition of 
the spectra of H,O, C,H,, and other molecules 
formed by combustion. 

When the region of the flame above the cone 
was focused upon the slit, an energy trace illus- 
trated by curve 6, figure 1, was obtained. The 
conditions of combustion were maintained the 
same as for curve a. It is to be noted that much 
more fine structure is observed for the region 
from 2.8 to 3.6 uw, and the intensity of emission is 
greater than for the corresponding observations 
on the cone of the flame. 

Figure 2, curve a, illustrates the emission pat- 
tern from 1.6 to 3.7 wu, when a moderate amount 
of oxygen, more than that used in the observa- 
tions illustrated by figure 1, is introduced into the 
burning mixture. The region of the flame above 
the cone was selected for observation. 

The zero branch of the 1.85-« band originating 
in the H,O molecule appears rather sharp, but the 
P branch at 2 u is quite broad. This modification 
of its profile is caused by three CO, emission 
bands in this region. The 2.3-u band, attributed 
to CO, is greatly reduced in intensity, whereas 
there is a marked increase in emitted energy 
throughout the 2.7- to 3.0-4 region. It was dif- 
ficult to resolve the fine structure in the latter 
region. The rotational structure is clearly marked 
from 3 to 3.7 uw. These rotational lines have been 
studied previously in connection with the investi- 
gation of the methane flame. Although similar in 
appearance, some differences in clearness of the 
observed fine structures, attributed to different 
proportions of oxygen, are apparent. 

In figure 2, curve 6, is shown the region from 
3.1 to 3.7 w when still larger amounts of oxygen 
are supplied to the burning mixture. The flame 
is very hot, and the observed rotational lines, 
having a different spacing from that appearing 
when low oxygen is introduced, are very prom- 
inent. Altogether 10 emission maxima of nearly 
uniform spacing are clearly discernible in this 
wavelength interval. Of these, the five lines from 
3.35 to 3.7 uw agree in position, within the limits of 
experimental error of these observations, with the 
rotational lines of OH as calculated by Dieke [5] 
for the 2—1 rotational-vibrational band, corre- 
sponding to the transitions, P(11) to P(15). The 
five emission maxima from 3.1 to 3.35 u do not 
correspond in wave number to the 1-0 or 2—1 
band. It is possible that these lines are blends 
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Figure 2 


a, Emission spectrum of the oxyacetylene fla me, region above the cone. oxygen content greale r than under conditions 


illustrated by figure 1; b, spectrum of oxyacetylene flame between 3.1 and 3.74, maximum oxygen content. 


of parts of each of these bands that are overlapped, 
and that the resolution of the instrument is not 
sufficient to separate the components of each band. 
Furthermore, some of the rotational components 
in the P-branch of the »,; band of H,O may well 
extend into this region, particularly those associ- 
ated with high-level transitions, which may be 
excited, at these elevated temperatures, and which 
would be located at longer wavelengths than 
transitions terminating in the normal state. In 
this connection it is particularly emphasized that 
the distribution and relative intensities of the fine 
structure components are extremely sensitive to 
proportions of the fuel mixtures, permitting con- 
siderable shifting of observed maxima where the 
resolution is insufficient to reveal all the details. 
The calculated and observed wave numbers as 
well as the line numbers, which are the K-values 
for the initial levels in absorption, are given in 
table 1. The calculated values for each band 
series are taken from Dieke’s table. It is to be 
noted that the calculated wave numbers used for 
comparison with observed values are in each 
instance the average of four numbers, required 
by the existence of two electronic band systems, 
characterized by analogous vibrational levels, each 
The four 


statistical 


of which is split by a spin doubling. 
possible transitions being of equal 
probability, an arithmetical mean is taken. The 
experimentally observed rotational structure of 
the high-temperature acetylene flame corresponds 
almost identically with the spectrum observed in 
this region with the high temperature hydrogen- 
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oxygen flame, which was recently measured with 
the same instrument. 


TaBLe 1. Calculated and observed wave numbers for rota- 
tional lines in the P-branch of the 2-+1 band of OH 


(observed 


J P 
calculated [5]) (observed) 


cm-' 
2045.8 
2897.8 
2848.9 
2799. 3 
2748.8 


The CO, emission band at 4.4 yg, originating in 
the hot acetylene flame, is of high intensity. The 
corresponding absorption band, located at 4.25 yu, 
is also very intense, being nearly opaque at 4.25 
and 4.27 uw, where the respective minima of the 
two branches of the band are located. Part of 
this absorption may be produced by reversal in 
the flame. The concentration of CO, in the air 
in the room is also increased, with the result that 
there is increased absorption by CQO, in the air 
path between source and spectrometer. The 
energy distribution pattern in this region is re- 
produced in figure 3. Comparison with the cor- 
responding trace for a Bunsen burner flame [1| 
shows both absorption and emission to be more 
pronounced in the instance of acetylene, in lin 
with a relatively much more rapid and abundant! 
evolution of CO, in the burning of C,H). 

In the region between 4.8 and 4.9 yu, as shown i! 
firure 3, a structural pattern was observed, which 
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Figure 3. Emission spectrum of the oryacetylene flame in 


the region between 4.1 and 4.9, showing absorption and 


emission of COs, also fine structure attributed to CO. 


although not of high contrast with respect to the 
background energy, exceeded the noise level of the 
amplifier. On the basis of preliminary observa- 
tions, it was apparent that this structure might 
have been produced by variations in the flame 
ntensity, or by the rotational structure originating 
n another molecule superposed on the portion of 
the CO, band extending into this region. By 
reducing the oxygen in the mixture, it was found 
possible to operate the flame in such a manner as to 
increase the contrast and cause the lines to stand 
out strongly above the background of the CO, 
This seemed to eliminate flicker- 
A trace of one of the 
This record 


emission band. 
ng as a cause of the effect. 
ecords is reproduced in figure 4. 
was made under the most satisfactory conditions 
attained in these experiments. <A possible inter- 
pretation of this structure, on the basis of the mag- 
nitude of the separation of the components and 
the probable presence of intermediate combustion 
products, is that it originates in CO, specifically 
negative 


the long wavelength portion of the 


branch of the 1--0 band. By comparing the 
wavelengths of the emission peaks with the ab- 
sorption data of Lagemann, Nielsen and Dickey 
+], it is found that seven, or roughly half of the 


measured maxima in the interval where reported 
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attributed to CO, under optimum conditions for observation, 


data permit comparison, agree within experimental 
error with the absorption lines reported by those 
authors. This comparison is shown in table 2, 
which lists the positions of all maxima observed 
in this work. Possible reasons for disagreement 
of the other emission maxima are the presence of 
additional lines from the 2-+1 band of CO, also 
the partially superposed 1-+0 isotope and of 
CO", and that there may be considerable strue- 
ture from high-level transitions of CO,. All of 
these causes may be expected to produce shifts in 
resolution is 


maxima where the 


A reexamination of the recordings 


the observed 
incomplete. 
made with the methane flame showed the same 
structure to be present in the spectrum of burning 
mixtures. The overlapping of the CO, and CO 
spectra, and the fact that CO burns readily after 
formation, makes it difficult to observe this struc- 
tural pattern unless the critical conditions are 
maintained, The use of a LiF prism, which 
reaches its highest dispersion in this region, has 
of course been highly advantageous in the current 
investigations of flame spectra. 
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Tasie 2. Comparison of data from the spectrum of CO 
with observed structural features in the flame spectrum of 


Observed rotational structure in the absorp- 
tion spectrum of CO [| 4) Observed emission 


maxima in the C)H, 


flame 
( ape ( ) 

Ware number em- Ware numer em- Ware number cm- 
P(10) 2108. 12 2108.0 
P(il) 2000. 01 2100.3 

as. 1 
P(12) 2004. 69 P'(1) 2002. 35 20046 
PCS) 2000, 56 P'(2) 2088. 57 21.1 
P(14) 2086, 27 P'(3) 2084.85 2087.2 
P(15) 2081. 95 P'(4) 2081.12 2082.4 
P(16) 2077. 57 P'(5) 2077. 33 7s. 1 
P(17) 2073.19 P'(6) 2073. 49 W751 
PCS) 2068. 69 P'(7) 269. 52 270.4 
P(19) 204. 31 P'(8) 2065. 73 Dwi. 5 
P(20) 2050.79 P'(9) 2061.81 2061.8 
P(21) 2055. 31 P'(10) 2057. 81 2058. 9 

. P'(11) 2053. 79 2064. 6 
P(22) 208. 72 P'(12) 249.75 251.3 
P(2) 246.14 P'(13) 245. 61 aa. 3 


III. Conclusions 


The discussion of the results of this study of the 
acetylene flame is concerned with the evaluation 
of the evidence of emission spectra originating in 
C,H, itself, and in CO, and OH. The presence of 
C,H, is indicated by a relatively faint band at 
1.52 uw, attributed to the »,+», vibration, which 
was not observed in the other flame spectra 
studied, also by a somewhat more pronounced 
background of emission in the 3-a region where 
the fundamental band is expected to appear. No 
fine structure was observed in either of these 
features, 

It is concluded that flames of all fuels mixed 
with high proportions of oxygen, hydrogen, me- 
thane, and acetylene emit the spectrum of the free 
radical OH, because of the appearance of an ap- 
parently identical set of five successive emission 
maxima that agree within experimental error 
with the positions of a succession of minima in 
the 2-+1 absorption band as computed by Dieke. 
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Support for this conclusion is weakened somewha 
by the failure of the adjoining succession of fiv 
maxima on the short wavelength side to agre: 
with computed positions in this or other Ol 
series. A possible explanation of this lack o 
agreement on the basis of superposition of othe: 
structural features, mainly those originating in 
H.O, will require further observation with im- 
proved resolution for confirmation. The excita- 
tion of the emission spectrum of CO in the acetyl. 
ene flame is supported by the presence of a weak 
band at 2.3 yu, interpreted as a branch of the har- 
monic band, and by a set of emission maxima on 
the long wavelength side of the emission band, 
vy Of CO, which agree in part with the absorption 
minima for the CO fundamental. Here again the 
resolution is insufficient to separate any super- 
posed structures that may cause an apparent dis- 
placement of the bands and prevent complete 
agreement with calculated values. It is to be 
emphasized that, although the evidence leading 
to the interpretations given is considered fairly 
strong, it is not altogether conclusive, so that the 
interpretations are to be regarded as tentative 
until the observations can be repeated with higher 
resolution. Such observations are expected to be 
undertaken in the near future with a grating 
spectrometer now rapidly approaching completion. 
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Viscosity of Deuterium Oxide and Water in the 
Range 5° to 125° C 


By Robert C. Hardy and Robert L. Cottington 


Measurements of the absolute viscosity of deuterium oxide of 99.5 percent purity and 


of water were made over the range 5° to 125° C. 


It is estimated that these determinations 


are accurate within 0.1 percent in relation to the value 1.0050 centipoise for the viscosity of 


water at 20° C. 


over the range 90° to 125° C. 


oxide were obtained by linear extrapolations. 


The work also included determinations of the density of deuterium oxide 
Values for the viscosity and density of 100-percent deuterium 


The ratio of the viscosity of deuterium oxide 


to that of water at the same temperature was found to be 1.3052 at 5° C. This ratio decreased 


at a diminishing rate with increase in temperature to a value of 1.1456 at 125° C. 


I. Introduction 


The work reported here was undertaken to pro- 
vide accurate data over a wide temperature range. 
The work was undertaken as two separate projects. 
The first: project covered Viscosity measurements 
with a Bingham viscometer [1]! over the range 
5° to 95° CC. The second project extended the 
temperature range above the boiling points of 
water and deuterium oxide, and it was necessary to 
operate the viscometer under pressure in order to 
prevent boiling of the test liquids. An Ostwald 
viscometer was selected for this project as being 
more readily adaptable to this type of operation. 


II. Materials 


The distilled water was obtained from a labora- 
tory still of commercial type. 

The deuterium oxide was obtained from the 
Atomic Energy Commission and was said to be of 
99.56 mole percent purity. A portion of this ma- 
terial was used as received for the first project. 
Subsequently, it was learned through tests on 
other portions that the specific conductance was 
somewhat higher than for pure water, indicating 
that the impurities present probably included 
traces of inorganic salts. Mass-spectrograph anal- 
ysis indicated the presence of approximately 0.9 





Figures in brackets indicate the literature references at the end of this 


paper 
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mole percent of O* in the oxygen of the material. 
A sample of distilled water was found to contain 
approximately 0.2 mole percent of O*. The con- 
centration of O' in the D,O was slightly higher 
than in the distilled water. 

The material used in the second part of the work 
was subjected to a simple distillation under re- 
duced pressure, and without boiling, to reduce or 
eliminate any inorganic impurities. The center 
fraction, representing 80 to 85 percent of the 
original volume, was selected for the viscosity 
measurements. The density of this fraction was 
found to be 1.10465 +0.00003 g/ml at 25° C. 
Calculations based on Longsworth’s equation [2] 
using the numerical coefficients of Voskuyl [3] for 
the relation between density and mole fraction of 
D.O, and corrected for abnormal O* and O" con- 
tent, indicated that the mole fraction of D in the 
hydrogen was 99.53 mole percent. Similarly, cal- 
culations using the density of the sample as re- 
ceived, i. e., 1.10469 +0.00003 g/ml at 25° C, 
indicated that the concentration of D in the hydro- 
gen of the original material was 99.57 mole percent. 


Ill. Work with Bingham Viscometer in the 
Range 5° to 95° C 


The Bingham viscometer [1] used was designed 


for low-viscosity liquids. The capillary was 12.3 
em long, and its diameter was approximately 0.022 
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em. The volume of flow was 5.07 em! With 
this type of instrument, flow is caused by air 
pressure applied to one arm of the instrument. 
The pressure applied was measured with a mercury 
manometer. It is estimated that the corrected 
values for pressure causing flow were accurate 
within +0.05 percent. 

In calibration tests and in viscosity measure- 
ments, times of flow were determined only for flow 
into the measuring bulb, the walls of which had 
been previously wetted and allowed to drain. 
Drainage times were approximately proportional 
to the viscosity of the liquid. In this way, error 
due to reduction in effective capacity of the bulb 
by the film of liquid on its walls was substantially 
eliminated. The working volume of liquid in 
this instrument is not highly critical, but it was 
adjusted at or near the test temperature when 
required. 

Calibration of the Bingham viscometer was 
based on the usual equation 


n= Cpt—C' p/t, 


in which C and C”’ are instrumental constants, 
n is the absolute viscosity of the liquid, p the pres- 
sure causing flow, ¢t the time of flow, and p is the 
density of the liquid. By observing the flow time 
for water at 20° C with several different values for 
p, data were obtained for evaluating C and C’ by 
use of the usual pf versus 1/t plot. In this way, 
the calibration of the viscometer is made to rest 
entirely on the value assigned to the viscosity of 
water at 20°C. The viscosity of water at 20° ( 
was assigned the value 1.0050? centipoises. 


Test runs with water were made also at 5°, 40°, 
60°, 80°, and 95° C to obtain comparative data 
on the viscosity of water and also to ascertain 
whether evaporation losses would cause serious 
error. Clear indications of slight losses by evap- 
oration were observed, but the effects on the 
viscosity values were not significant. 

A single filling of the viscometer with D.O was 
used for observations of the flow time at 20°, 5°, 
40°, 60°, 80°, and 95° C in the order named. As 
a check on possible contamination of the D,O 
during these observations, the volume of charge 


? The value 1.005 centipoises has been used for many years at this Bureau as 
the basis for calibration of viscometers, The more recent value, 1.002 centi- 
poises of Coe and Godfrey [11] has not been used because of its tentative na- 
ture, although results thus far obtained by J. F. Swindells in a continuation of 
their work indicate that the true value is in the neighborhood of 1.002 centi- 
poises. Pending completion of Swindells’ work, continued use of the value 
1.005 seems desirable. 
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as readjusted at room temperature and two run 
made at 20° C for comparison with results of th 
initial runs at this temperature. This compariso) 
indicated that the effect of any contamination wa 
considerably less than the estimated accuracy 0! 
the determinations. 

With the Bingham viscometer, the density o/ 
the liquid is of only minor importance. Values 
for the density of water were obtained from pub- 
lished data [4]. Data on the density of D,O at 
temperatures below 50° C were in substantia! 
agreement with those of Chang and Chien [5). 
Values for density at 60°, 80°, and 95° C were 
obtained by extrapolation. 


IV. Work With Ostwald Viscometer in the 
Range 90° to 125° C 


The Ostwald viscometer was specially designed 
to provide for use of a capillary with “square-cut” 
ends and to ininimize the effect of surface tension. 
The capillary was about 40 em long, and _ its 
diameter was approximately 0.04 em. The mean 
corrected time of flow for 10.31 em® of water at 
20° C was 1620.13 sec, the hydrostatic head at 
mean time being 40.2 ecm. The instrument was 
used with equal pressure applied to both arms to 
prevent boiling of the test liquid. Accurate 
values for the pressure were not required, and a 
Bourdon type pressure gage was used. 

In this instrument, flow is caused by the hydro- 
static pressure of the test liquid and is dependent 
on the density of the liquid, the volume of charge, 
and the dimensions of the instrument. The vol- 
ume of charge was measured at room temperature 
with a special pipette. Corrections were applied 
to the observed time of flow to compensate for 
variations in the volume of charge caused by 
variations in room temperature and temperature 
of test. 

The density of the D,O at the test temperature 
was determined by use of a simple dilatometer 
that had been calibrated with water. The dila- 
tometer was calibrated and used with an internal 
air pressure of 35 psi gage to prevent boiling. 

For Ostwald type instruments the equation ex- 
pressing the relation between 7, p, and / is written 


in which A and B are the instrumental constants, 
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and the other symbols have the same significance 
as in eq 1. Determination of the values of the 
constants was made in the usual way by deter- 
mining ¢ for water at several temperatures for 
which 7 and p were known and constructing a 
Higgins diagram. In both the calibration and use 
of this instrument, flow times were corrected for 
the effect of the air column in the receiving arm 
and to a standard temperature, 20° C, with re- 
spect to volume of charge. 

Distilled water was used at 20°, 40°, 60°, and 
80° C in the calibration of this viscometer. The 
viscosity of water at 20° C was assigned the value 
1.0050 centipoises, and the values for viscosity at 
the other temperatures were those determined 
with the Bingham viscometer and reported in 
table 1. 


TaBLe 1. Absolute viscosity 
Deuterium oxide 
Temperature Ordinary 
— 99.53 mole 99.57 mole 100 mole 
percent percent percent * 
Cc Centi poises Centi poises Centipoises Centi poses 
1. 5230 1. GR5S 1. GSTS 
» » 1.0050 1. 2508 1.2514 
") 0. 6551 0. 766 0. 7872 
“) wi74 5a 5513 
st) RASS 4138 il4l 
uw S158 0. 3056 SHAS 
a5 2085 $452 3454 
100 2830 3283 3265 
1 2557 2439 2041 
1a» 22s 2s 209 
125 2227 255) 2551 
Ah « ¢ 1. 2h01 


* Extrapolated values not corrected for abnormal O" content 

> Assigned value used as basis for calibration of instruments 

¢ Check for comparison with initial determination at 20° C to indicate 
possible extent of contamination. 


Test runs were made with water at the higher 
temperatures and pressures to test the method and 
apparatus and to obtain comparative data on 
water at these temperatures. Usually observa- 
tions at several temperatures were made on each 
filling, and for several fillings the temperature was 
returned to its initial value for final observations, 
which by comparison with the initial observations 
served as an indication of the possible maximum 
error (0.059,) due to loss of charge through 
evaporation. 

Most runs were made by using an applied pres- 
Although it was not antici- 


sure of 35 psi gage. 
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pated that pressure of this magnitude would have 
significant effect on the viscosity of water due to 
air solubility or distortion of the viscometer, this 
was verified by data obtained in runs at 20° and 
80° C at both atmospheric pressure and with an 
applied pressure of 35 psi. Since the agreement 
between data obtained under the two pressure 
conditions was within the experimental accuracy, 
no effect of pressure was observed. 

A single filling of the instrument with D,O was 
used for observations at 90°, 100°, 110°, 120°, 
and 125° C. 

In both parts of the work, the temperature of 
the viscometer was controlled with an oil bath 


whose temperature was regulated to within 
approximately +-0.01 deg for the Bingham 
viscometer and to within approximately + 0.02 


deg for the Ostwald viscometer. 

Temperatures were measured with mercury-in- 
glass thermometers that had been calibrated in 
place with a platinum resistance thermometer. 

Times of flow were measured with a manually 
controlled electric timer operating on a specially 
controlled constant-frequency circuit. It is esti- 
mated that time measurements were accurate 
within +0.02 percent. 

After the completion of the work with water, the 
viscometers were cleaned with chromic-acid clean- 
ing solution, washed with distilled water, and 
dried with a current of dry air. 

In all the work with D,O, a drying tube charged 
with Drierite was used in the pressure line to 
protect the D,O from contamination with water 
vapor in the compressed air. 


V. Results 


Values obtained for the absolute viscosity of 
ordinary water and of deuterium oxide are given 
in table 1. As no data on the viscosity of D,O" 
are available, no correction for abnormal O'* 
content was attempted in the simple linear extra- 
polation used to obtain the values for D.O of 
100-percent purity with respect to D content. 

Ratios of the viscosity of water and of deuterium 
oxide at various temperatures to the viscosity of 
water at 20° C are given in table 2. Values for 
the relative viscosity of water derived from values 
for absolute viscosity published in International 
Critical Tables |6] are included in table 2 for com- 


parison. This table also includes values for the 
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ratio of the viscosity of deuterium oxide at 
various temperatures to the viscosity of water at 
the same temperatures. Table 3 contains values 
for the density of deuterium oxide that were 
determined at various temperatures in the range 
90° to 125° C. Values for the density of 100- 
percent deuterium oxide, with normal and abnor- 
mal O'* content were obtained by linear extra- 
polations based on the assumption that the O'* 
and O” compounds have the same molar volumes 
as the O"* compounds. 


TABLE 2. Relative viscosity 


Relative to 


| Relative to water at 20° ( water at f° 


»mperature 

— Water Deuterium Deuterium 

_ — - oxide, 100 oxide, 100 

Authors ICTs percent > percent © 

° oy 

5 1. 516 1. O57 1.9779 1, 3052 
| @ 1.0000 1. 0000 1, 2452 1. 2452 
” 0. 6518 0. (480 0. 7833 1. Wi7 
wo i 4658 . 5485 1. 1782 
80 S41 . 3539 4120 1. 1637 
w . 3142 3139 340 1. 1583 
Ws 2970 . 2068 . 437 1. 1570 
100 216 2815 . 3250 1. 1538 
10, 2344 254 . 2027 1.1504 
1m 2316 . . 26565 1, 1467 
125 . 2216 . 2538 1, 1455 


* Derived from values for absolute viscosity published in International 
Critical Tables (6). 
> Extrapolated values not corrected for abnormal O' content. 


TABLE 3. 


Density of deuterium oxide 


Deuterium oxide 


Temperature | 


Mhercent’ | ‘ceng’s” | 100percent » | 
Cc gicm) gicm gicm 
” 1.0711 1. 0716 1. 0708 
100 1, 0633 1.0638 | 1. 0630 
10 1.0549 1.0554 1. 0547 
1» 1. 0461 1.0466 1.0459 
125 1. 0416 1.0421 10414 


* With 0.7 mole percent excess 0". 
>» With normal O"* content. 


VI. Discussion 


The values for the absolute viscosity of deu- 
terium oxide given in table 1 are based on the 
average of three or four determinations of the 
flow time at each temperature. The spread 
between the observed flow times at any one 
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temperature was less than 0.1 percent and | 

than 0.05 percent for observations at 40° C an 
higher temperatures. One observation at 125° ‘ 
was discarded because it departed from the mea 
of four other determinations by 0.12  percen 
However, inclusion of this discarded observatio 
would have changed the viscosity value at 125° ( 
by only 0.0001 centipoise. 

The limit of possible error of the determine: 
values given in table 1 is believed to be abou 
0.25 percent in relation to the value 1.0050 centi 
poise for the viscosity of water at 20° C. The 
root mean square of the estimated maximum 
values for the various individual errors involved 
is 0.1 percent. The extrapolations to obtain 
values for the viscosity of D,O of 100-percent pur- 
ity neglected the effect on viscosity of the abnor- 
mal O"* and O” content, since no data were 
available on the effect on viscosity of abnormal! 
amounts of these oxygen isotopes. 

Data obtained with both instruments over the 
entire temperature range are shown graphically 
in figure 1. It will be noted that the data for 
D,O obtained with both instruments fall on one 
smooth curve. The same is true for the data on 
water. 

However, some irregularities, notably at 95° C, 
will be noted on figure 2, which shows the varia- 
tion of relative viscosity, »/, with temperature. 
Points representing the results obtained by other 
investigators are included for comparison. 

Only Lewis and MacDonald [7] have reported 
viscosity values over a range of temperatures. 
They observed that the relation between tempera- 
ture and »j was approximately linear over the 
range 5° to 35° C; however, our results indicate 
an appreciable curvature in the relation in this 
temperature range. The agreement between their 
values and the curve representing our results is 
within the estimated accuracy of their data 
(0.5%), except at 35° C where their value is 1.0 
percent lower than the curve and even a little 
lower than the present value determined at 40° C. 

Taylor and Selwood [8] reported the same value 
as Lewis and MacDonald for the viscosity of D,O 
at 20° C. This value is 0.3 percent higher than 
that obtained here. 

Baker and La Mer [9] and Jones and Fornwalt 
{10} reported values for the relative viscosity of 
D,O at 25° C only. Baker and La Mer’s value 
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Figure 1. Relation between temperature and logarithm of 
reciprocal viscosity for deuterium oxide and water, showing 
consistency of results obtained with the two types of instru- 
ments. 


Bingham viscometer: A, water; ©, deuterium oxide. Ostwald viscometer: 


A, water; @, deuterium oxide 


agreed with that of Lewis and MacDonald and 
was only 0.05 percent higher than our curve. 
However, the value reported by Jones and Forn- 
walt appears to be the most accurate and is 0.12 
Part of this dif- 
ference between our value and that of Jones and 
Fornwalt may be due to the abnormal O" content 
of our sample. 

This comparison with published data is shown 
more accurately in table 4, which contains inter- 
polated values for nj at 10°, 15°, 25°, 30°, and 
35° C that were calculated from our observed 
values at 5°, 20°, and 40° C. The interpolated 


percent lower than our curve. 
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Figure 2. Ratio of viscosity of deuterium oride to the 
viscosity of water at the same temperature. 


. Hardy and Cottington; @, calculated interpolation; x, Lewis and 
MacDonald; A, Taylor and Selwood; 0, Baker and Lamer; 4, Jones and 
Fornwalt. 


values were obtained by use of the following rela- 
tions to compute values for the absolute viscosity 
of D,O and water at the desired temperatures: 
For D,O 


haired siimeteae aa 
930.349 + 7.8061 (t— 20) +.0.000833 (t— 20) 
3.30103. 
For water 
1301 


logiom=998 333 4.8.1855(t— 20) + 0.00585(t— 20)? 
3.30103. 
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TABLE 4. Relative viscosity, 1% 


Ratio of the viscosity of DO to that of water at the same temperature 
Comparison with published data 


Taylor Bake 
Tempera- Hardy and ee and sel. and ia san the y 
ture Cotting- wood, Mer, ae 
ton * and, 1058 1934 1935 tess 
°C 
5 1. 3052 1. 309 
10 (1. 2813 1. 286 
15 1. 215 1. 267 
a 1. 2452 1. 249 > 1.249 
25 e(1. 2314 1. 232 1. 22 1. 22006 
w (1. 2108 1.215 
85 1. 2100 1. 108 
a 1, 17 


* Values in parenthesis are interpolated. 

> Derived from their reported value of 12.6 millipoises for absolute viscosity, 
using the ICT value for viscosity of H,O, i. ¢., 1.0087 centipoise 

¢ This value is 0.12% higher than reported by Jones and Fornwalt. This 
may be due to the abnormally high O' content of our sample. 


The values for relative viscosity of water at 5° 
and 40° C derived from the ICT values are 
believed to be too low by amounts several times 
greater than 0.1 percent, the estimated accuracy 
of the ICT values between 5° and 40° C. The 
value reported here for 5° C is the mean of the 
values obtained with the two types of viscometers, 
i. e., 1.5155 with the Bingham and 1.5153 with 
the Ostwald. Our value at 40° C confirms the 
value 0.6518 reported by Coe and Godfrey [11] 
for the same temperature. The agreement with 
ICT values at other temperatures is within the 
estimated accuracy (0.5 to 1.0°%) given for the 
ICT values above 40° C. 

Unusual accuracy in determining the density of 
D,O was not attempted. The values reported 
in table 3 are believed to be accurate to 0.0002 
g/cm*, or a little better. 


VII. Summary 


Data are presented on the viscosity of deuterium 
oxide and water over the temperature range 5° 
to 125° C, and on the density of deuterium oxide 
in the range 90° to 125° C. Observations were 
made on deuterium oxide having more than 99.5 





mole percent of D in the hydrogen, and valu 

for the viscosity of deuterium oxide of 10% 

percent purity with respect to deuterium we) 

obtained by linear extrapolation. The deuteriun 
oxide contained 0.7 mole percent more O" in th 
oxygen than the laboratory distilled water. Th: 
©"? concentration also was slightly higher tha 
normal. No correction of the viscosity data was 
made to compensate for the abnormal content 
of the heavy oxygen isotopes. 


The authors acknowledge the advice and as- 
sistance of J. F. Swindells of the Bureau staff 
in designing the special Ostwald viscometer and 
in performing part of the work of calibrating both 
viscometers. The cooperation and assistance of 
other members of the Bureau staff in supplying 
information on the composition of the deuterium 
oxide is acknowledged also. Credit is due the 
Atomic Energy Commission for financial support 
of the work. 


VIII. References 


{1] Ek. C. Bingham, Fluidity and plasticity, p. 76, fig. 29 
(MeGraw-Hill Book Co., New York, N. Y., 1922 

[2] L. G. Longsworth, J. Am. Chem. Soc. 59, 1483 (1937) 

[3] I. Kirschenbaum, Atomic Energy Commission Report 
AECD-1991 (1943). 

[4] Smithsonian Physical Tables—Fighth Revised Ed., 
First Reprint, Table 121 (1934). 

[5] Tsing-Lien Chang and Jen-Yan Chien, J. Am. Chem. 
Soc. 63, 1709 (1941). 

[6] International Critical Tables 5, 10 (MeGraw-Hill 
Book Co., New York, N. Y., 1929). 


[7] Gilbert N. Lewis and Ronald T. MacDonald, J. Am 
Chem. Soe. 55, 4730 (1933). 
{8] Hugh 8S. Taylor and P. W. Selwood, J. Am. Chem. 


Soc. 56, 998 (1934). 

[9] Weldon N. Baker and Victor Kk. La Mer, J. Chem. 
Phys. 3, 406 (1935). 

[10] Grinnell Jones and Holmes J. Fornwalt, J. Chem. 
Phys. 4, 30 (1936). 

{11] J. R. Coe and T. B. Godfrey, J. App. Phys. 15, 625 
(1944). 


Wasuineron, February 9, 1949. 


Journal of Research 








oo ees 








U. S. Department of Commerce 
National Bureau of Standards 


Research Paper RP1995 
Volume 42, June 1949 


Part of the Journal of Research of the National Bureau of Standards 





Determination of Efficiency of Microwave Bolometer 
Mounts from Impedance Data 


By David M. Kerns 


An impedance method of determining the input-to-bolometer-element power-transfer 


efficiency of bolometer mounts of the type used in microwave power measurements is for- 


mulated, and the theoretical basis of the method is outlined. 


consideration of the bolometer mount as a transducer. 


The method stems from the 


Under certain conditions, which are 


discussed, this transducer is representable as a two-terminal-pair network, and its parameters 


can be determined, essentially as in the case of ordinary networks, from observation of input 


impedance (in waveguide or coaxial line) as a function of load impedance (bolometer resist- 


ance). 


such impedance data. 


I. Introduction 


Bolometric methods, employing fine platinum 
wires or bead thermistors as bolometers, have 
received wide use in power measurement at micro- 
The bolometer is 
mounted in a waveguide ! structure (fig. 1) whose 


wave and lower frequencies. 


function is to enable the bolometer to absorb radio- 
frequency power from a source whose output is to 
be measured. The bolometer is also connected 
into a direct-current (or low-frequency alternating- 
current) network whose functions are to detect or 
measure changes of bolometer resistance, and to 
supply bias power to the bolometer. Thus radio- 
frequency power may be measured in terms of the 
change in bolometer resistance produced by the 
application of the power to be measured, or it may 
be measured by the change in bias power required 
Both methods 
are used; * the details, however, are not needed for 


to keep the resistance constant. 


the purpose of this paper, which is concerned only 
with what may be called the efficiency of bolo- 
meter mounts. 


rhroughout this paper the term waveguide is used in a some what general 
sense, in that two-conductor systems, such as coaxial line, are included within 
the meaning of the term, It is immaterial to the discussion whether the input 
waveguide is of a type that does or does not support a principal mode. 
+See, for example, Technique of microwave measurements 11, chap. 3 
(Radiation Laboratory Series, McGraw-Hill Book Co., New York, N. Y., 
147 


Bolometer Mount Efficiency 
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Convenient formulas are given for the calculation of power-transfer efficiency from 


Bolometer mounts are ordinarily arranged to 
present very nearly a reflectionless load to the 
If there 


is reflection, however, the net radio-frequency in- 


waveguide to which they are connected. 


put power consists of that corresponding to an 
incident wave less that corresponding to a reflected 
Let P, denote the net power input to the 
mount at a conveniently 
terminal surface in the input waveguide. 


wave. 
located 
Let P, 
denote the radio-frequency power absorbed by the 
Then the efficiency of 
the bolometer mount is defined as 


bolometer 


bolometer element itself. 


n P,/P, (1) 


Since P, may be considered to be the useful out- 
put, the efficiency is simply the ratio of output 
power to input power. 7, is of course less than ?;, 
the difference 
largely by skin-effect losses on the metal surfaces 


being ordinarily accounted — for 
constituting the interior surface of the bolometer 
mount. 

A knowledge of bolometer-mount efficiency Is 
not particularly important if a bolometric instru- 
ment is to be used only for relative measurements, 
or if it is to be used merely as a transfer instrument 
to be calibrated by some other means. If one is 
interested in attempting to establish absolute 
values of power (or of voltage or current in cases 
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where these quantities are useful) by means of 
bolometric measurements, a knowledge of the 
efficiency of the mount used is important. Never- 
theless, it appears that not much work has been 
done on the determination of the efficiency of 
bolometer mounts. It has in fact rather generally 
been assumed that the mount losses could be 
routine applications, even when 
absolute power is at least of nominal interest. 
But the negligibility of mount losses obviously 
depends not only on the actual value of the losses, 
but also upon the accuracy of measurement 
toward which one is working. 

Unfortunately, it is rather difficult to determine 
the efficiency of a bolometer mount—at least when 
the determination is based upon power measure- 
ments. Comparison of two mounts can at best 
vieid only the ratio of their efficiencies. Direct 
calorimetric measurements are handicapped by 
the fact that the powers involved are small, of 
the order of a few milliwatts, and by the fact that 
the heating effect of the losses gets distributed 
throughout a relatively large mass. Calorimetric 
measurements are somewhat easier to accomplish 
at higher power levels, but then one has the prob- 
lem of attenuating the measured level by an accu- 
rately known amount down to the level at which 
bolometers are ordinarily used. The situation is, 
in short, that accurate measurement of microwave 
or UHF power at the milliwatt level is a difficult 
task. Bolometer-mount efficiency, however, is a 
power ratio—an attenuation, in fact—and does 
not fundamentally require power measurements 
for its determination. 

The method of determining mount efficiency to 
be described stems from the consideration of the 
bolometer mount as a transducer. Under certain 
conditions, which will be discussed, this transducer 
becomes a four-pole (representable as a_two- 
terminal-pair network) and its parameters can be 
determined, essentially as in the case of ordinary 
networks, from observation of input impedance as 
a function of load impedance. (In this case the 
load impedance is varied by varying the bias power 
supplied to the bolometer.) Once the parameters 
of the four-pole are found, the power-transfer 
efficiency can of course be calculated for any 
desired value of load impedance. 

The formulation is based upon field concepts. 
As is to be expected, the formulas eventually ob- 
tained are formally the same as those for the same 


neglected in 
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type of problem in conventional network theory 

Thus the more basic portion of the developmen: 
may be considered as an example of the reductior 

of what is in detail a problem described by field 
equations to a problem described by equations o/ 
the form of network equations, and the essential 
concepts and conditions on the basis of which the 
reduction is accomplished are those that in genera! 
underlie the treatment of waveguide and circuit 
problems by means of network equations. This 
paper is intended to be reasonably complete and 
self-contained; however, a much more elaborate 
discussion of the fundamentals is contained in a 
previous paper by the author.* 


II. Formulation of the Method 


Consider a bolometer mount, a structure of the 
general form indicated in figure 1, as a transducer. 
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Figure 1. Bolometer mount schematized. 

The terminal surfaces, through which radio- 
frequency power enters or leaves the system 
considered, are the surfaces S,; and S,. S; is a 
transverse surface in the input waveguide. This 


waveguide may be of any type or cross section 
(including, in particular, coaxial line); it is neces- 
sary merely that there exist a section that may be 
considered uniform and lossless. The terminal 
surface S, encloses the region occupied by the 
bolometer element. This surface is drawn as 
shown in figure 2, a, or 2, b, for a bolometer con- 
sisting of a fine wire or of a bead thermistor, 
respectively. S, is thus pierced by conductors 
that carry not only radio-frequency current but 
also bias current. (The bias current comes into 
consideration only insofar as it serves to establish 
the operating resistance of the bolometer.) If, 
as is ordinarily the case, the electromagnetic field 
* David M. Kerns, Basis of the application of network equations to wave- 
guide problems, J. Research NBS, 42, 515 (1949) RP1990. (This reference 


is of a general nature and contains no discussion specifically directed to the 
bolometer problem) 
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Ficure 2. ZJilustrating terminal surface So. 


Cross-hatching indicates protective dielectric enclosure. 


of the transducer is effectively limited to a finite 
region by sufficiently thick metal walls, the interior 
of the transducer is (by definition) the region R 
bounded by the surface S)+S,+-S), as illustrated 
in figure 1. Sy is drawn outside the metallic 
walls of the structure, and the field may be as- 
sumed to be zero on this surface. It is, however, 
by no means necessary to assume that the trans- 
ducer field is confined to a finite region. If the 
bolometer mount does not form a closed metallic 
structure, so that the electromagnetic field can 
extend to infinity, the surface Sy and the region 
R would be chosen somewhat differently. But 
the subsequent argument would not be altered, 
so that it is not necessary to consider this case 
explicitly. 

The whole structure within R, which may in- 
clude auxiliary tuning devices, joints, bends, ete., 
may be counted simply as a (decidedly) nonhomo- 
geneous medium. This medium is to be linear, 
i. e., such that Maxwell's equations become linear 
equations, and is to contain no sources. The 
electromagnetic field within R is then uniquely 
determined by the values of the tangential com- 
ponents of either the electric or the magnetic field 
on the boundary of R. (It is sufficient to con- 
sider only the case in which all field quantities 
vary harmonically with time at a given frequency, 
w. The time dependence will be represented im- 
plicitly by a factor exp(jot).) On the surface Sp, 
the boundary condition is simply that the field 
shall vanish; the fields on S,; and S, will be speci- 
fied in the manner outlined in the following two 
paragraphs. 
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In practice, only one waveguide mode need be 
considered in specifying the field on the wave- 
guide terminal-surface S,. The transverse com- 
ponents E,, H, of the field on this surface may 
then be written 


E, V Be, ) 
H,=1,H,,) 


where E,,, Ho, are suitable two-component vector 
functions of coordinates in the transverse plane. 
1, J, are numbers, in general complex, which 
are respectively linear measures of E,, H,. It is 
convenient to choose E,,, Ho, as that field that 
corresponds to a waveguide field consisting solely 
of an incident wave, of unit power. The integral 
of the complex Poynting’s vector 4(Ey, * M},) taken 


over the surface S, becomes * 


\ | E,, x Hj, -ndS=1 watt, (3) 
JS 


where n is the unit normal vector on S, directed 
into the transducer. The complex power input 
to the transducer at terminal surface S, is then, 
for arbitrary values of V,, J;, 


W, j | HOCH nas V1. 4) 


The looking-in impedance of the field on S; is de- 
fined as the ratio 


2=V,,/h. (5) 


This impedance, which will be called the input 
impedance, can be determined by means of stand- 
ing-wave measurements in the input waveguide. 
It is assumed that the tangential components 
of the field on the surface S,, which encloses the 
bolometer element, can be represented in the 

form 2 
E, ViEw,) 


6 
H, LH, ) sia 


where Ey, H» denote suitable vector functions of 
coordinates designating points on S). The as- 
sumption 6 is justifiable if, in particular, the 
condition kd < 1 is satisfied, where d is a rep- 
resentative linear dimension of the region en- 
closed by S,, and k is the wave-number wy we in the 


* The rationalized meter-kilogram-second system of units is used. 
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medium (of permeability u, dielectric constant ¢) 
immediately surrounding the bolometer element.’ 
For sufficiently small values of kd, equations of 
the form 6 will hold, with 1 and J, equal (or 
proportional) to conventional voltage and cur- 
rent, respectively, at the bolometer terminals. 
Existence of voltage and current, however, is 
a sufficient but not a necessary condition. Valid- 
ity of eq 6 insures formal validity of the method 
being set up; existence of voltage and current on 
S, is not essential in this respect (any more than 
existence of voltage and current on S, is essential). 
But for application to practical cases, the most 
favorable condition for knowing that eq 6 will 
hold to a good approximation occurs when voltage 
and current do in fact exist to a good approxima- 
tion. 

It is convenient to assume that Ey, Hy satisfy 
the normalizing condition 


| _ By Hy-ndS=1 watt, 


where nm is here the unit normal on S, directed 
into the transducer. The complex power input 
to the transducer at terminal surface S, is then 


Win} | Bx Hi-ndS= VE. (7) 


The looking-in impedance on S, is defined as the 
ratio V,/7,; the load impedance, w, is defined as the 
negative of the same ratio: 


(S) 


It is essential for the practical application of 
the method being formulated that the load im- 
pedance be known and variable through known 
(but not necessarily prescribed) values. The 
load impedance certainly can be varied by varying 
the bias power and hence the direct-current re- 
sistance of the bolometer; since the load impedance 
cannot be directly measured (except perhaps at 
sufficiently low frequencies), the essential problem 
is to relate it to the direct-current resistance in an 
adequate fashion. If, in addition to the previous 
condition kKd<1, the skin-depth  2/uwo (per- 
meability «, conductivity ¢) is not less than the 

’ Typical dimensions fora platinum-wire bolometer are roughly 0.00015em. 
in diameter by 0.25 em. in length; a typical bead thermistor has a bead diame- 


ter of roughly 0.05 em. Ata frequency of 10,000 Me/s, the value of k for 
iir is approximately 2.0/em. 


582 








diameter of wire for a fine-wire bolometer or 1 

less than bead-diameter for a bead thermisto: 

it is reasonable to expect the radio-frequency loa 

impedance to be approximately equal to the direc: 

current resistance of the bolometer. The assump 
tion of this equality is equivalent to the assump 
tion that the current distribution in the bolomete: 
is substantially independent of frequency from 
zero up to the radio frequency considered.” Wher 
the above-mentioned conditions are fulfilled, th: 
use of the value of the direct-current resistance as 
an approximation to the value of the load im- 
pedance naturally suggests itself. This approxi- 
mation is favored by the following facts (to be 
demonstrated later): (a) When the angle of the 
load impedance is considered to be a small quan- 
tity of the first order, the error in the determination 
of power-transfer efficiency caused by neglecting 
the angle and using real values for the load im- 
pedance tends to be small of the second order: 
(b) no error in the determination of efficiency is 
caused by the use of an arbitrary constant rea! 
multiple of the load impedance in place of the 
load impedance itself-——the magnitude of the load 
impedance may indeed remain undefined to the 
extent of a constant real factor. This discussion 
outlines what appear to be the principal factors 
involved in judging the usefulness of the type 
of approximation considered. 

The bolometer mount, as a transducer, is char- 
acterized by the relations that it imposes upon its 
four terminal variables V,, J;, V2, Js. Precisely 
two such relations must exist, since, by the unique- 
ness theorem mentioned above, the transduce: 
field is determined by the boundary conditions, 
which in turn are fixed by fixing two of the four 
terminal variables. Since Maxwell's equations 
are, by hypothesis, linear and homogeneous in 
the interior of the transducer, it follows that the 
relations among V,, J;, V2, 7, must also be linear 
and homogeneous. The transducer is thus a 
linear, source-free four-pole, and its equations 
may be written 


V, Zy 1, T Zizts,) 
a ee ea 


* For bolometers of the materials and dimensions mentioned in footnot: 


(9 





5, the skin depth becomes comparabie to the respective dimensions in the 
two cases for frequencies in the neighborhood of 10,000 Me/s, 

’ A condition of this kind is also important in assuring that radio-frequenc) 
power and direct-current power have equivalent heating effects in a bolom 
eter, This question is of course basic in the measurement of absolute values 
of power by the bolometric method 
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he Z’s are constants in that they do not depend 
pon V's and 7/’s, but they of course do depend 
pon frequency. Equation 9 can be interpreted 
ind could be derived on the basis of the following 
emarks. If, for example, the boundary condi- 


Lions 
H, 0, H, 1H, 


are prescribed, the corresponding field is deter- 
mined and is proportional to J,. Thus, in partie- 
ular, the corresponding E, and E, are proportional 
to J, so that V, and V, are proportional to J», 
the factors of proportionality being Z.. and Z2, 
The interpretation with J,40 and 
/,—0 is similar; eq 9 expresses the general case, 
with J, and J, both different from zero. 

For the present purpose it is expedient to write 
equation 9 in a different form, viz, 


respectively. 


V,=—aV,4 b1,,) 

, (10) 
I,=eV,+dl,, § 

where J,——J, is used for convenience. The new 

parameters a, 6, ¢, d are of course related in a 

simple manner to the 7’s appearing in eq 9. These 

relations will not be written down, since they will 

not be needed explicity. 

Under the assumptions that have been made, 
the reciprocity condition will apply.” Reciprocity 
must be assumed on theoretical grounds in the 
present problem, since it is not possible to make 
radio-frequency measurements at both ends of the 
transducer. The expression of the reciprocity 
condition is that 2), equivalently, that 
the determinant of the coefficients in eq 10. is 


y 
42, OF, 


equal to unity: 
ad—be=1. (11) 


This equation, together with three further equa- 
tions that are determined by measurement, pro- 
vides the necessary number of equations to deter- 
mine the four parameters a, 6, ¢, d. 

In accordance with eq 10, input impedance 
is given as a function of load impedance w by a 
so-called linear fractional transformation, 


aw+b 19 
' 2) 
cw d \ 








* A reciprocity theorem in a form adapted to the present application is 
derived in the reference in footnote 3 
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It is noted that this equation may be written in the 
form 


wa +b—wzeze—2zd=0. (12a) 
Suppose that, for any three distinct values of 
load impedance w,, w., Wy, the corresponding 
values of input impedance 2, 2, 23 are measured. 
Then, apart from a common constant multiplier, 
the values of a, 6, ¢, d are determined by three 
simultaneous equations of the type 12, which may 


be written 


w,a+b—w,2,c—2z,d=0, 
wa + b—w,2,.¢—z,d=0, > (13) 
wa + b—w,2;¢— z,d=0. 


If now these equations are solved by Cramer's 
rule for three of the parameters, sav a, 6, ¢, in 
terms of the remaining one, and if the resulting 
expressions are used to eliminate a, 6, ¢, d from eq 
12a, it may be seen that the final result is expressed 
by 


w ] we 2 
wy ] WZ; 2) 
0. (14) 
u l WZ Z2 
Us l W325 23 


written down 
directly, by recognizing that it is the necessary 
condition that 
consisting of eq 13 and 12a, shall form a compati- 
ble svstem for values of a, 6, ¢, 


(This equation may indeed be 


the system of four equations, 


d not all zero). 
Equation 14 gives the relation between general 
values of 2 and w, as determined by three pairs 
of measured values of zand w. The equation may 
be reduced to 


(2—23)(Z2—2,) (w—Ws;)(w,—w,) 


(15) 


(2—2)(23—22) (w—w,)(w3—w; 

It should be observed that there exists a trans- 
formation of the form 12, determined by eq 14 or 
15, which will transform any three given distinct 
w-values into any three given z-values. Thus, in 
order to obtain a check on the consistency of exper- 
imental data, as well as on the validity of the 
method itself, it is necessary to observe more than 
three pairs of corresponding values of = and w, 
and to note whether all the data are represented 
by a transformation determined by just three pairs 
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of corresponding values. A check of this kind 
does not directly check the validity of the reci- 
procity condition, since the transformation of w 
depends only on the ratios of the values of a, 4, ¢, 
d. But the reciprocity theorem applies rigorously, 
provided merely that the form of the description 
of the terminal fields (eq 2 and 6) is valid. Equa- 
tion 12 is a rather direct consequence of eq 2 and 
6; insofar as a verification of the existence of an 
equation of the form of eq 12 verifies the basic 
eq 2 and 6, it at the same time verifies the applica- 
bility of the reciprocity theorem. 

Explicit formulas for the values of a, 6, ¢, d 
will now be obtained. As an abbreviation let 


(%2— w,) (23— 22) 
Y cae i , 
(Z2— 2;) (W3— W2) 


and solve eq 15 for z: 


(23 — y2,) W-+- (¥2,W3— 23W) 
(l1—-y)w-+ (yw;— Ww) 


By comparison with eq 12 


a=a(z3—y2:), b=a(y2,W, 251) ) 
(16) 
c=a(l—y), d a(yWw3;—W,), j 


where a@ is a constant that must be determined 
with the aid of the reciprocity condition 11. 
This condition yields 


ad — be = a*y(w;—w,) (23—2;) = 1.) 
(17) 


a [y(w3— w,) (23— 2,)]} 1 ) 


Equations 16 and 17 together determine the 
values of a, 6, c, d corresponding to the measured 
pairs of values of 2 and w. 

Once a, 6, ¢, d are known for a given bolometer 
mount, the power-transfer efficiency for a given 
load impedance can easily be calculated. By 
using the four-pole equations in the form 10, with 
load impedance wy», one finds 


V,=(a+6/wy) V2, 


Hence the complex power input W, and_ the 
complex power output W,(—— W,) are related by 


W, = (a+b/w,y) (cw, +d)*W. 


Let (a+b/wo)(ewo+d)*=N exp (70), with 
and @ real; and let W,=|W,! exp (j¢) (@ 
the angle of the load impedance w)). Then t! 
efficiency 7 is 


Re(W) cos } 


10 Re (W,) Ncos 6+) _ 


On the basis of the foregoing formulas, the two 
supplementary facts invoked in the discussion o| 
load impedance may be demonstrated. Th 
formulas 16, 17, 18 enable one to calculate th 
parameters a, 6, ¢, d and the efficiency m with load 
wy) for a four-pole that transforms w, into 
((=1, 2, 3). Suppose that the load impedance 
is erroneously assumed to be w’=m?w, where m’ 
is a constant, and that the parameters a’, 6’, ¢’, d’ 
and the efficiency , with load impedance wy= m?w 
are calculated for a fictitious four-pole that trans- 
forms w,=m?w, into z; ((=1, 2,3). By using eq 
16 and 17, one obtains 


a’=a/m, b’—mb, 
c’=c/m, d’ =md. 


Defining 6 by writing the constant m? in the form 
m?=\m? exp (j6), and using eq 18, one obtains 


Mm COS $= COS $’, (19 


where ¢’=¢/+6 is the angle of uw’. Since =m 
does not enter into eq 19, any constant real multi- 
ple of the load impedance may be used in place of 
the load impedance itself without affecting the 
calculated efficiency . If w) is real and @ is 
small, 

No N/COS @ 


~n,(1+-¢7/2). 


Hence, under the stated conditions, the difference 
mo— is of the second order (and is positive 
Thus the previous statements (b) and (a) ar 
proved. 

A bolometer mount (which may in particula: 
include auxiliary tuning equipment in addition to 
the mount proper) is preferably and frequently 
arranged so that, with the bolometer at its desire: 
operating resistance, there is substantially no 
reflected wave at the waveguide input. The cor 
responding value of input impedance is unit) 
according to the choice of an arbitrary real facto: 
tacitly made in setting up the definitions of Vj, / 
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eq 2, and 3). Further, when the load impedance 
is considered real, the arbitrary factor contained 
in this quantity may be chosen so that the normal 
operating load impedance is aiso represented by 
the value unity. These two conditions lead to 
useful, simplified formulas for the calculation of 
efficiency. Since input impedance z=1  corre- 
sponds to load impedance w=1, 


a, 6, ec, d must satisfy the relation 


the parameters 


a+b c+d. 


Thus the efficiency for load impedance w=1, ob- 
tained by the appropriate specialization of 18, is 
given by 

1 /n= N=|a+ 6)?=\e+d?. (20) 
The efficiency can of course be expressed directly 
in terms of w,, 2; (¢=1, 2, 3), so that efficiency may 
be calculated without first calculating the four- 
It is convenient to incorporate 
the condition that w=1 is transformed into z=1 
by taking wy, 2;, say, as 1, 1. Then, by using 
eq 16 and 17 and the associated definition of ¥ 
+d|*, it is readily found that 


pole parameters. 


to evaluate ¢ 


(1—2,)(1— 22) (Ww, 


-w,)| 
I 


(21) 


w,) (1 — We) (22— 2)) | 


Although eq 20 and 21 are useful for the purpose 
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intended, it should be remembered that they are 
based upon special conditions. 

A number of measurements have been made, 
on the basis of the method described, at frequen- 
cies in the range 300 to 3,000 Me/s on bolometer 
mounts having coaxial-line inputs and at approxi- 
mately 9,000 Me/s on mounts having rectangular- 
waveguide inputs. Values of efficiency calculated 
from the data range from 0.7 to 0.95 for different 
mounts, which included auxiliary tuning equip- 
ment in all cases and additional components in 
some cases. In all measurements made so far, it 
has been found that for suitably located input 
terminal surfaces, the four-pole could be repre- 
sented in terms of real parameters. In the 
9,000-Me measurements, bolometers of the types 
and dimensions mentioned in footnote 5 were 
used, so that a moderate test of the approxima- 
tions that have been discussed was provided. It 
was found that an equation of the form 12 repre- 
sents these experimental data rather well. 
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Ultraviolet Absorption Spectra of Seven Substituted 
Benzenes 


By Ralph Stair 


The ultraviolet absorption spectra of seven substituted benzenes have been measured 
in the region of 220 to 300 millimicrons. The substances were n-, tso-, sec-, and tert-butyl- 
benzene and 1,2-, 1,3-, and 1,4-diethylbenzene. The wavelengths (also frequencies in centi- 
meters~') are shown for the absorption bands for each substance. Spectral absorbaney 
curves are given for the same concentration in each case. The hydrocarbons were NBS 


Standard Samples prepared in connection with American Petroleum Research Project 6 and 


were highly purified in the Chemistry Division of this Bureau. 


These spectral data should 


be of value in chemical analysis in the field of ultraviolet absorption spectroscopy. 


The measurements were made with a Beckman quartz spectrophotometer on 1-centi- 


meter cells of the hydrocarbons in a solution of isooctane (2,2,4-trimethylpentane). 


I. Introduction 


This work is an extension of the contribution [1] ! 
of the radiometry laboratory of this Bureau in 
the cooperative research program with the Ameri- 
can Petroleum Institute Research Project 44 in the 
study of the absorption spectra of the constituents 
of petroleum that have been extensively purified. 
This report deals with the liquid phase of two 
series of compounds, butylbenzenes and diethyl- 
benzenes, that are closely related and that have 
significant selective absorption in the ultraviolet 
region between 220 and 280 mu. 

No attempt has been made, in this report, to 
give a detailed theoretical interpretation of the 
structural features of the observed spectra. 
Primary emphasis has been placed on the precise 
mapping of these features in order to make avail- 
able reference data [5] for analytical purposes. 
Particular attention is called to the similarities 
between these spectra of closely related com- 
pounds and to the small displacements of analo- 
gous features associated with the substitution of 
different chemical groups in the benzene structure. 

There is within the published literature a vast 
amount of empirical data on the spectra of com- 


Figures in brackets indicate the literature references at the end of this 
paper 
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plex molecules—especially in the liquid phase 

and it has been fairly well established that the 
general appearance and intensity of an _ ultra- 
violet spectrum depend upon the 
nature of the electronic states between which the 


absorption 
electronic transition takes place. Each transition 
is presumed to be associated with a characteristic 
vibrational structure of the molecule, which is 
fundamentally different for “allowed” and ‘‘for- 
bidden” transitions [6,7]. Nevertheless, the inter- 
pretation of the spectra is often quite difficult 
because of lack of complete knowledge of the 
vibrations of the molecule in the ground state, 
and because in many cases bands can be inter- 
preted in different ways, resulting in an ambiguity 
that makes such an interpretation meaningless 
|S] and confusing to other workers in the field. 

Probably more is known about the structure of 
benzene and some of the simple benzene deriva- 
tives than any other polyatomic molecules. In 
any case, benzene appears to be unique in a num- 
ber of characteristics and has undergone many 
investigations in the liquid, vapor, and_ solid 
phases by investigators in the ultraviolet and 
infrared, as well as for Raman and fluorescence 
spectra for both the regular and the deutero- 
substituted material. 


587 

















II. Instrument and Method of Measure- 
ment 


A Beckman quartz-spectrophotometer [2, 3] was 
employed, without modification, except that it had 
been specially supplied with a “blue sensitive’’ 
phototube in an envelope of Corning 9740 glass. 
By using a hydrogen lamp in an envelope of similar 
glass, measurements were possible down to 200 
mu. 

In this spectrophotometer the photometric 
(“density,”’ equivalent to absorbancy) scale is 
based on electrical principles, in that the photo- 
electric current through a load resistor produces 
a voltage drop that is balanced by a potentiom- 
eter, thus giving a null reading for each condition 
of balance. To make this null setting possible, any 
voltage unbalance is electronically amplified and 
impressed across the terminals of a sensitive 
direct-current milliammeter. The precision of the 
instrument thus becomes largely a function of the 
linearity of the potentiometer circuits and the 
irradiation-current characteristic of the vacuum 
caesium-antimony silver phototube employed. 
Since the operation of the instrument is based on 
these principles and conditions, a high degree of 
precision and accuracy may be expected when care 
is taken in its use. 

In this work the hydrocarbons were examined in 
the liquid phase. Five concentrations of each 
material were employed, and the absorbancy 
observed at intervals of 0,5 to 1.0 mu throughout 
the range from 220 to about 280 muy for all values 
of absorbancy less than about 1.0. 

The concentration of the hydrocarbon was 
determined by carefully weighing about 0.5 g of 
the pure material and then diluting it in isooctane 
(2,2,4-trimethylpentane). For example, to obtain 
the 10 g/liter solution the procedure was as 
follows: First a 50 ml-flask containing a few cubic 
centimeters of isooctane was placed in the balance 
and carefully weighed. Then a 0.5-g¢ weight was 
placed on the opposite pan and the hydrocarbon 
carefully added (in small drops) until the amount 
slightly exceeded the required 0.5 g. Next, a 
careful balance was obtained to determine the 
exact amount of hydrocarbons added—for exam- 
ple, 0.503 g. Finally, the flask was filled with iso- 
octane to the 50 ml mark, after which an additional 
0.3 ml was added to give the total of 50.3 ml to 
produce a 10 g/liter solution. The other concentra- 





tions were simply obtained by diluting samples of 


the 10 g/liter solution. All operations were pe»- 
formed at room temperature, with the flasks kept 
“stopped” to prevent errors due to. selective 
evaporation. The prepared samples were kept iy 
a refrigerator until immediately preceding the 
filling of the absorption cells. 

The reflection loss from the absorption-cel! 
windows and the possible absorption by the iso- 
octane solution were annulled by using a compari- 
son cell filled only with isooctane taken from the 
same container as that employed in preparing the 
hydrocarbon solutions. Thus the data recorded 
here are the specific absorbancies of the concentra- 
tions of the hydrocarbons employed. 

All of the substances that were measured were 
obtained from F. D. Rossini of the Chemistry 
Division of this Bureau. They were purified under 
his direction in connection with the American 
Petroleum Institute Research Project No. 6. The 
substances studied and the amount of impurity in 
each one is given in table 1 [4]. The absorption- 
spectra data on the butylbenzenes and diethy|- 
benzenes have been made a part of the catalog of 
ultraviolet spectrograms of the American Petro- 
leum Institute Research Project No. 44 [16]. 


TABLE 1. Purity of compounds 

Substance a Amount of 
sumaber impurity 

Mole percent 

Benzene 210 0. 0340. 02 
1,2- Diethylbenzene 523 . 0540. 03 
1,3- Diethylbenzene 524 0740. 04 
1,4-Diethylbenzene 525 . 07 +0. 02 
n-Butylbenzene SO . 1240. 08 
Isobut ylbenzene we .13+0.09 
sec- Butylbenzene Ts] . 1240. 06 
tert-Butylbenzene aM . 0640. 08 
Toluene 211 -04+0. 02 


III. Results and Discussion 


The ultraviolet spectral absorbancies of eacl 
of the seven substituted benzenes were measured 
at room temperature in solutions having concen- 
trations of 10.0, 1.0, 0.5, 0.2, and 0.1 g/liter (al! 
for a 1-cm cell length). In all cases the results for 
the different concentrations were in close agree 
ment with Beer's law, indicating that for thes: 
hydrocarbons no change in chemical or physica! 
constitution occurs as the result of association 0: 
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interaction upon placing them in an isooctane 
solution. It was therefore felt unnecessary to dis- 
play in the illustrations and tables data for more 
than one concentration (that for 0.5 g/liter), since 
any other values can be calculated from the re- 
corded data in accordance with Beer’s law. The 
spectral absorbancy data for a concentration of 0.5 
g liter were chosen for purposes of illustration 
because, in general, they were within the absorp- 
tion range (specific absorbancy 0.2 to 0.8) most 
suitable for analysis considerations (see figs. 1 and 
2 and tables 2 and 3). 

The analysis of the ultraviolet absorption spec- 
trum of benzene [10] has shown the vibrational 
structure to be in agreement with the selection 
rules for the forbidden electronic transition A,,—> 
B,,. It is held that this transition is rendered pos- 
sible through the distortion of the benzene mole- 
cule by /; vibrations. Each of the eight absorp- 
tion bands (see fig. 1) results from a series of more 
or less superimposed lines or bands. Sponer, et. al 
{10} list eight numerical equations principally in 


terms of the 0,0 band frequeney (38,089 em~'), 
and the totally symmetrical carbon vibrations of 
992 em” and 923 em™ belonging to the ground 
and upper states, respectively, of the benzene 
molecule, which define the positions of the integral 
parts of these absorption bands (in the vapor 
state). The uniform spacing of 923 em~! of the 
principal component (the A series) of these bands 
is indicative of the important part played by the 
totally symmetrical vibrations of the benzene 
molecule in the excited state. 

When a substitution has been made for one or 
more of the H atoms of the benzene ring, the sym- 
metry is changed from the type Dj, to another, 
depending upon the particular substituent. Often 
the substituent, as is the case in the present work, 
contains groups such as CH, CH,, CHs, which have 
mobile electrons that can resonate or migrate into 
the benzene ring and thus produce a continuum 
or other special characteristic in the absorption 
spectrum. 

All of the substituted benzenes herein reported 
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Figure 1. Spectral absorbancies of benzene, toluene, and the four butylbenzenes, all for a concentration of 0.5 g/liter, cell 
thickness 1.000 em. 
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Figure 2. 


Spectral absorbancies of n-butylbenzene and the three diethylbenzenes, all for a concentration of 0.5 g/liter, cel 


thickness 1,000 em. 


Although the ordinates are displaced for the different curves, all are reduced to the same scale. 


have similar absorption characteristics in the ultra- 
violet. In all cases the spectra are shifted nearer 
to the visible than that for benzene. Also it ap- 
pears that all the materials have a double set of 
spectra [12, 13]. One of these corresponds to the 
A series in benzene. The other (denoted as M/ 
series below) is probably the result of electron 
migration or other change in the symmetry of the 
molecule, since it does not occur within a frequency 
range to be associated with any of the eight series 
for benzene. Since a major portion of the spectra 
of all of these substituted benzenes is carried over 
from benzene, it appears that the mechanism that 
brought the benzene spectrum into existence re- 
mains relatively important. Furthermore, since 
the carbon atoms enter into the important vibra- 
tions responsible for the benzene spectrum the 
benzene ring must undergo only slight perturba- 
tions for the butyl- and diethyl-substitutions. The 
general shift of the spectra toward longer wave- 
lengths (lower frequencies) is indicative of slight 
spatial increases between the carbon atoms in the 
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ring structure and to the increase in mass of the 
substituted molecule. 

The spectrum of liquid n-butylbenzene at room 
temperature (about 24° C) is shown in both figures 
land 2. It is apparently composed of two series 
of bands, designated A and .M in this report. The 
A series, presumably corresponding to the A series 
in benzene, has its first band located at approxi- 
mately 37,780 cm! (see table 3) with a second 
member spaced at an interval of about 770 em~' 
to higher frequencies. The MV series has a 0.0 
band at a frequency of about 37,240 em™! with a 
second member spaced at an interval of about 
990 em~! toward the higher frequencies. Only the 
first two pairs of bands are resolved, since they 
approach each other toward shorter wavelengths 
and are no doubt further complicated through 
overlapping of spectra from weaker series, band 
splitting, rotational effects, ete. The ratio of the 
intensities of the MM to the A bands appears to 
decrease with frequency. 

For comparative purposes the absorption spec- 
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are real and easily measured. 


ra of the four butylbenzenes are placed together 
vith those for liquid benzene and toluene in 
igure 1. The marked similarity between the 
four butylbenzenes and toluene is impressive. 
Whereas the spectra are similar, their differences 
In general there 
s a progressive decrease in absorbancy in the 
order; ne-, sec-, tert-butylbenzene. It is 
interesting to note the gradual shift in the position 


i80-, 


of the important absorption bands to higher 
frequencies in toward the more 
complicated molecules in this series of mono- 
substituted benzenes from the simple toluene to 
tert-butylbenzene. In the ab- 
sorption spectrum of tert-butylbenzene appears 
to be more like that of benzene than that of the 
others of this group. 

The spectra of the 1,2-, 1,3-, and 1,4-diethyl- 


progressing 


some respects 


solution of the seven substituted benzenes, cell thickness 


1.000 om 
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Tarie 3. Frequencies in centimeters! (also wavelengths in millimicrons) of the first 2 bands of each absorption spectra syste 


Absorbancies of a 0.5-2/liter solution, thickness 1,000 cm 


First M band 


Substance 
° Absorb- 

My em~! ancy Mu 

n-Butylbenzene 268. 5 37240 0. 677 261.6 
Isobutylbenzene 268, 7 $7220 . 538 261.5 

| sec-Butylbenzene 267.8 37340 . 508 20. 3 
tert-Butylbenzene 267.2 37420 . 381 * 20.3 
1,2-Diethylbenzene 271.6 36820 74 208.7 
1,3- Diethyl benzene 271.8 36790 7% 24.5 
1,4-Diethylbenzene 273.3 36590 1.700 267.2 


benzenes (see fig. 2) are distinctly different from 
those for the butylbenzenes, and they are more 
intense. The spectrum for 1,4-diethylbenzene 
differs noticeably from the other two diethyl- 
benzenes. In general the two-spectra charac- 
teristic is less distinct, probably because of 
greater electronic migration, dissociation, and 
band splitting. The A series is relatively weak, 
and in the 1,4-diethylbenzene the first band of the 
AA series is barely perceptible. 

For comparative purposes the absorption spec- 
trum of n-butylbenzene is displayed also with the 
diethylbenzenes. Here, again, it is interesting 
to note the gradual shift in the position of the 
important absorption bands in progressing from 
n-butylbenzene to 1,4-diethylbenzene. In_ this 
ease the shift is toward the lower frequencies 
(longer wavelengths), resulting in the greatest 
shift for 1,4-diethylbenzene, although its spectrum 
is in some respects most like that for benzene of 
any of the substituents. A comparison of the 
two illustrations is interesting in displaying the 
gradual wavelength shift of the absorption bands 
in progressing through the seven substituted 
benzenes from 1,4-diethylbenzene to tert-butyl- 
benzene. 

The ratio of the specific absorbancies of the 
diethylbenzenes is in general agreement with the 
predictions of Sklar [11]. The value of absorb- 
ancy of the 1,4- spectrum is near twice that for 
the 1,2- and 1,3- substituents, as predicted. The 
spectra for both the butylbenzenes and the 
diethylbenzenes are in general agreement with 
other measurements upon similar materials both 
qualitatively and quantitatively where such data 
exist [13, 14, 15). 
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Second M band 





First A band Second A band 


em=! —_= - my em-! = Mp em-! —_— 
38230 =O. 812 264.7 37780 0. 600 259.4 | 38550 0. 780 
38240 .70 265.0 37740 . 570 250. 4 38550 . 750 
38420 . 703 264.3 37840 .533 | 258.6 38670 . 725 
38420 . 580 264.2 37850 . 500 258. 0 38760 | = . 68S 
37910 931 267.7 37355 . 691 2262.0 | 38170 | .&825 
37810 - 927 268. 3 37270 . 698 262.3 38120 | L875 
37420 1.470 * 270.0 37085 SOO 24.8 37765 | «(1.505 


In view of the similarity of the absorption 
spectra of these compounds, both in general 
appearance and in intensity, chemical analysis 
by ultraviolet absorption data alone would be 
impractical. The data should, however, serve a 
useful purpose in supplement to other measure- 
ments. 
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Acid-Base Equilibrium Constants for the Reaction of 
Tribenzylamine with Picric Acid and with Trinitro-m- 
Cresol in Benzene, from Spectrophotometric Data 


By Marion Maclean Davis and E. Anne McDonald 


The relative acidic strengths of picrie acid and trinitro-m-cresol in benzene have been 


measured spectrophotometrically in terms of their reactivity with the base, tribenzylamine. 


The respective constants found for the combination of tribenzylamine with picrie acid and 


with trinitro-m-cresol in benzene at 25° C are 1.! 


58 10° and 4.4810°. The same relative 


order of strengths would be predicted on theoretical grounds. The constant for picric 


acid is in close agreement with previous measurements of the dielectric constant of benzene 


solutions of tribenzylammonium picrate. 


The method used for assessment of the relative 


strengths of the two acids is superior to measurements of their ionic dissociation in water. 


I. Introduction 


During the first quarter of this century, the 
definitions of an acid and a base most commonly 
taught and applied were founded on the behavior 
of aqueous solutions. As is well known, acidic 
and basic properties were referred, respectively, 
to hydrogen and hydroxyl ions, numerous inves- 
ligators undertook the measurement of the ionic 
dissociation constants of acids and bases in water, 
and the pH scale came into widespread use as a 
means of expressing relative acidities and basic- 
ities. The currently popular Bronsted-Lowry 
proton-transfer theory of acidity and basicity 
has clarified the role of the solvent.'. It is now 
recognized that water can function both as a 
base and as an acid, and this, of course, is the 
reason a continuous pH scale for aqueous solu- 
Moreover, the effect of other 
solvents on dissolved acids and bases is now to 


tions can exist. 


some degree predictable, because the electronic 
structure of a molecule reveals whether it can 
serve as a proton donor, as a proton acceptor, or 





' The authors do not reject the much broader Lewis concept of acidity, 
but it offers no advantage over the Br@nsted-Lowry concept when hydrogen 
wcids only are considered, as in this paper. Furthermore, acid-base reactions 
that involve the formation of a hydrogen bridge do not entirely parallel reac- 
tions in which a coordinate covalent bond is formed between the acid and 


the base 
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as both donor and acceptor. But whenever the 
solvent displays acidie or basic character, the 
nature of the reaction between a dissolved acid 
and base is partially masked. The ideal condi- 
tion for studying the reaction between an acid 
and a base would be to use no solvent at all. 
The nearest practicable approach to such a con- 
dition, when organic acids and bases are con- 
cerned, is to use an inert or “aprotic’’ solvent; 
that is, a solvent that can neither add nor release 
protons. Benzene and carbon tetrachloride are 
examples of aprotic solvents that are suitable 
for such studies. At one time many proponents 
of the ienization theory assumed, from an over- 
emphasis of the role of ions in chemical reactions 
and inadequate experimental evidence, that acid- 
base reactions do not occur in any medium of 
such low dielectric constant. Subsequently, 
Hantzsch, Bronsted, LaMer, and others demon- 
strated that reactions 
occur as readily in an aprotic medium as in an 
However, widespread aware- 


instantaneous acid-base 


ionizing medium. 
ness of their work does not yet exist, acid-base 
reactions in aprotic media remain a_ neglected 
field of study, and a general tendency persists to 
employ, in analytical procedures and as media for 
reactions, only solvents that promote ionization. 
In two previous publications from this Bureau 
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{1, 2], some of the earlier studies of acid-base 


reactions in aprotic media were reviewed, and 
new experimental data, both qualitative and 
quantitative, were presented. The method em- 
ployed by us was to study, by means of the 
spectrophotometer, the reaction between dif- 
ferent acidic indicator dyes and various organic 
bases in benzene and other organic solvents. Of 
particular interest was the discovery that organic 
bases of various types—for example, primary, 
secondary, and tertiary aliphatic amines—exhibit 
specific differences in their behavior with acids 
in an aprotic solvent, such as benzene. These 
differences are masked in an amphiprotic solvent, 
like water. Other studies still in progress provide 
additional evidence of the specificity of the behavior 
of bases and of acids in inert solvents. Such 
experiments point to the need for further investi- 
gations of acid-base reactions in inert solvents, 
as a prerequisite both to the development of 
methods for the measurement of acidity and 
basicity in such media and to a better under- 
standing of acid-base relationships in water and 
other “active” solvents. 

This paper deals with the reaction of tribenzyl- 
amine with picric acid and with tiinitro-m-cresol 
in benzene. The acid-base equilibrium constants 
of the reactions were determined spectrophoto- 
metrically. As will be shown, the results are in 
agreement with conclusions arrived at from other 
experimental procedures. 


II. Equipment and Procedure 


The spectrophotometric equipment used was 
the same as that described in the preceding paper 
of this series [2], except for changes designed for 
protection of the solutions from the heating effect 
of the light source. The cell compartment was 
replaced by a new box with double walls at the 
bottom, sides, and top. In the space between the 
two walls, water from a constant-temperature bath 
circulates continuously. The temperature of the 
bath is maintained at 25.0° +0.1° C, and the 
contents of the cell can be kept at a temperature 
not more than 0.2° C above that of the bath. 
The light source was also moved about 1 in. 
farther away from the cell compartment. 

The procedure followed in the preparation and 


? Figures in brackets indicate the literature references at the end of this 
paper. 


dilution of solutions and in the recording of d: ta 
has already been described [1, 2]. In some of ‘he 
measurements, one cell contained the pure solv: nt 
and the other the solution under investigation, 
However, when working with a considerable cx- 
cess of tribenzylamine in the solution, an equiva- 
lent amount of tribenzylamine was placed in the 
reference cell. Such cases will be noted in 
section LV. 

The symbols and terminology used are as fol- 
lows: 7, (transmittancy of the solute)= 7,,../7,,,.; 
a, (absorbancy or optical density of the solute) = 
—log w7,; a (molar absorbancy of the solute) 
a,/(6 M); b=length in centimeters of the absorp- 
tion cell; 1f/=molar concentration of the solu- 
tion [3]. 


III. Materials 


Benzene.—The high grade of commercial ben- 
zene used in previous work became unavailable 
while these investigations were in progress. How- 
ever, benzene from another source was found to 
be equally satisfactory when dried over Drierite 
and then redistilled [4]. 

Picrie acid.—A practical grade of picric acid, 
containing 10 percent of water, was recrystallized 
twice from boiling water, dried in a vacuum oven 
at 100° C, then precipitated from benzene solution 
by cyclohexane, and finally dried in a vacuum 
oven at 80° C. The melting point was 122.1° to 
122.3° C. 

Tribenzylamine.—A high grade of commercial 
tribenzylamine was recrystallized from 95-percent 
ethyl alcohol and then dried in a vacuum oven at 
80° C. The melting point was 92.0° to 92.1° C. 

Trinitro-m-cresol.—A high grade of commercial 
trinitro-m-cresol was recrystallized once from 95- 
percent ethyl alcohol and twice from benzene. 
After drying in a vacuum oven at 80° C, the melt- 
ing point was 107.0° to 107.2° C. 


IV. Data and Calculations 


Reaction of tribenzylamine with picric acid.—\n 
the pure, dry state, tribenzylamine and picric acid 
are colorless solids and give colorless solutions in 
benzene. When solutions of the acid and the base 
are mixed, an instantaneous reaction occurs, «5 


3 Melting points were determined in an electrically heated bath contain! \¢ 
silicone oil, with an ASTM thermometer for 3-in. immersion. 
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hown by the appearance of a yellow color. The 
eaction was studied quantitatively by measure- 
nent of the spectral transmittancy of solutions 
that contained a constant amount of picric acid 
mixed with varying amounts of the amine. A 
series Of transmittancy curves obtained for such 
solutions are presented in figure 1. Curve 0 is for 
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FicureE 1. Transmittancy curves for picric acid, for tri- 


benzylamine, and for their mixtures in benzene (1-cm 
cell). 
0, Pierie acid, 5X10-5-M; (1) to (4,000), 5X10-5-M picric acid with from 1 to 
1,000 molar equivalents of tribenzylamine; B, tribenzylamine, 5<10-°-M. 


5<107°-M picric acid in benzene, and the curves 
designated 1 through 4,000 are for solutions that 
contained the same concentration of picric acid 
mixed with from 1 to 4,000 molar equivalents of 
tribenzylamine. In the case of the curve marked 
4,000, the reference cell contained 4,000 molar 
equivalents of tribenzylamine; in all other cases, 
it contained benzene only. The change produced 
by 4,000 molar equivalents of tribenzylamine was 
no greater than that produced by 2,000 molar 
equivalents of the base, and the curve marked 
4,000 is therefore the limiting curve for the re- 
action.” Measurements cannot be made for 

‘ The presence of traces of water adsorbed from the air by any of the mate- 
rials or glassware also produces a yellow color. It is therefore necessary to 
take every possible precaution to exclude moisture and to prepare fresh stock 
solutions of the materials at frequent intervals. Little difficulty is experi- 
enced if measurements are performed in cool, dry weather. 

‘In the preparation of solutions that contained 2,000 or 4,000 molar equiva- 
lents of tribenzylamine, the slight evaporation of solvent upon exposure of 
the 0.25-M stock solution to the air caused some of the base to be deposited 
on the surface of the flasks and pipettes. The actual concentration of tri- 
benzylamine was therefore not quite 2,000 or 4,000 molar equivalents. How- 


ever, it was evident that a further increase in concentration would not produce 
4 measurable change in transmittancy. 
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wavelengths shorter than 280 my, because of the 
high absorbancy of the solvent. 

A benzene solution of tribenzylamine more 
dilute than 10~°-M shows almost complete trans- 
mittancy at wavelengths greater than 300 mau. 
More concentrated solutions exhibit measurable 
absorbancy at wavelengths shorter than about 
350 mu, as indicated by the transmittancy curve 
for 5 10~°-M tribenzylamine (curve B, fig. 1). 
Determination of the applicability of Beer's law 
is not easy, because of the steepness of the trans- 
mittancy curves for the higher concentrations of 
the base. However, in the range 5 107*-/ to 
5x 10°°-M, the values for molar absorbancies 
agreed within experimental error, and there is no 
reason for expecting the molar absorbancy to 
show any effect of concentration. It is not 
possible to determine with certainty the change 
in transmittancy that occurs when tribenzylamine 
is converted to the tribenzylammonium group, 
but it is reasonable to assume that the change is 
inappreciable for a 5 10~°-M solution, even at 
the shortest wavelengths. 

The curve for picrie acid shows a shallow trans- 
mission band near 325 my and a shallow absorp- 
tion band near 340 my. At the concentration 
employed, there was no measurable absorbancy at 
wavelengths greater than about 430 mg. Molar 
absorbancies for 5X10-°°—M and 5x107*—M 
solutions were the same within experimental error. 
Picric acid has been shown by cryoscopic measure- 
ments to exist in the monomeric state in ben- 
zene [5], and infrared studies indicate a hydrogen 
bridge between the phenolic oxygen and the nitro 
group in ortho-substituted phenols [6]. Con- 
formity of its benzene solution to Beer's law is 
therefore to be anticipated. 

The transmittancy curve for tribenzylam- 
monium picrate in benzene shows a fairly deep 
absorption band near 342 my and a very shallow 
band near 410 mg. Curves 0 through 10 in figure 
1 show a well-marked isosbestic point at approxi- 
mately 304.5 my. With concentrations of tri- 
benzylamine greater than 10 molar equivalents, 
the isosbestic point was shifted to about 305.5 mu. 

Solutions of tribenzylammonium salts are all 
colorless if the acidie component is colorless, 
whereas all picrates give yellow solutions. The 
absorption bands that give rise to the yellow color 
of tribenzylammonium picrate are therefore at- 
tributable to a loosening of electrons in the 
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—OC,H,(NO,); group. This loosening is not so 
great as in quaternary ammonium picrates, be- 
cause the transmittancy curves for the latter 
compounds in benzene are displaced appreciably 
toward longer wavelengths [7]. For a dilute 
solution of a quaternary ammonium picrate in 
benzene, for example, tetraethylammonium pic- 
rate, the studies of Kraus and his collaborators 


+ _ 
indicate the structure Et,NPi. This formula 
signifies an ion pair, held together by Coulombic 
attraction. The formula for tribenzylammonium 


picrate, (C,H;CH,);NH . . . OC,H,(NO;)5, ac- 
counts for the difference in the spectral absorption 
of the two salts. It is also in harmony with the 
views of Kraus, who wrote: “When a partially 
substituted ammonium salt is dissolved in a 
solvent medium the molecules of which have no 
affinity for the proton, interaction takes place 
between the negative ion and the proton of the 
positive ion. In other words, there is formed 
what is commonly known as a hydrogen bond, the 
energy of rupture of which may be much higher 
than the energy necessary to overcome the 
Coulombic forces acting between the ions [S].”’ 
The conclusion cited was derived from measure- 
ments of conductance. 

The reaction under discussion may be formu- 
lated quite simply as the union of one molecule 
of tribenzylamine with one molecule of picric 
acid to give a molecule of tribenzylammonium 
picrate. The hydrogen bond (or bridge) is gener- 
ally much weaker than a covalent bond. <A 
rupture of the hydrogen bridge in tribenzylam- 
monium picrate can occur in two places. If the 
break comes between nitrogen and hydrogen, the 
products are tribenzvlamine and _ picric acid. 
A break between hydrogen and oxygen gives 
tribenzylammonium and picrate ions. Experi- 
mental data indicate that appreciable dissociation 
of the salt into tribenzylamine and picric acid 
occurs in benzene solution. Spectrophotometric 
measurements furnish no evidence of ionic disso- 
ciation. The possibility of extremely minute 
concentrations of ions, is not excluded, however. 
Kraus and Fuoss, from measurements of con- 
ductance, calculated for tetraisoamylammonium 
picrate and for triisoamylammonium picrate in 
benzene the respective ionic dissociation con- 
stants, 8.9 10-" and 2.5107" at 25° C [9, 10}. 
These values correspond to an ionic dissociation 


of approximately a millionth of a percent in t!e 
case of tetraisoamylammonium picrate, and ap- 
proximately a billionth of a percent in the ca-c 
of triisoamylammonium picrate. The ionic diss. - 
ciation of tribenzylammonium picrate in benzene 
has not been measured, but it probably does not 
differ greatly from that of triisoamylammoniumn 
picrate. 
If, now, the equation for this reaction is written 
in the form, 
A “+ = 2. (1) 


(acid) (base) (salt) 


the association constant is expressed according to 
the familiar law of mass action as 


K vce =(S\/{fA][BD. (2) 


The value obtained for A,,,,.. will be a measure of 
the acidic strength of picric acid aod of the basic 
strength of tribenzylamine. In order to compute 
the values of [S], LA], and |B] for various mixtures, 
it is necessary to know the initial concentrations 
(', and (, of the acid and base, respectively, and 
the values of a, for the acid, for the salt, and for 
mixtures of the two, at one or more wavelengths. 
The quotient, [a, (mixture) —a, (acid)]/[a, (salt) - 
a, (acid)], gives the fraction of the acid converted 
to the salt. This fraction multiplied by the initial 
concentration of the acid (5% 10~°-\/) gives {S}, 
the molar concentration of salt in the mixture. 
The concentrations of acid and base in the equilib- 
rium mixture are, respectively, C,—|S] and 
(’,—[S]. Experimental values of a, for the acid, 
salt, and 19 mixtures of the two at the wave- 
length 410 my are given in table 1, together with 
the calculated values for [S], [A], [B], and A,,.... 
Values of K,,,,. computed for data at 342 muy are 
also included. The precision of the data is ob- 
viously less for mixtures that contain very smal! 
quantities of the acid or the salt. The average 
of 16 intermediate values for A is 1.5810" for 
measurements at 410 my and 1.52 10° for meas- 
urements at 342 my. Because of uncertainty as 
to a possible contribution from basic components 
to the absorbancy at 342 my, the value obtained 
for 410 my is probably the more reliable one. 
The manner in which the fraction of picric acid 
converted to tribenzylammonium picrate varies 
with (, is shown in figure 2, curve 1. The open 
circles represent values for 410 my and the solid 
circles values for 342 mu. The change produced 
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\BLE 1. Experimental data and association constant for 
the reaction of tribenzylamine and picric acid in benzene 


From measurements at 


Initial con- 
centration 410 mp 342 mp 
of base * 7 ‘ _— . 
a, [SIX 105» L4)x105> [B)x10°>) AX10-) Ax 10 
0 0. 0039 
1 . 0811 0. 3857 4.614 4.614 *1.81 "1.69 
2 . 0501 6551 4.345 9. 345 1.61 1.58 
4 ©. ORS7 1.160 3. 840 18. 84 1.60 1.47 
5 . 1002 1. 366 3. 634 23.63 1.50 1.57 
" ©. 1135 1. 54 3. 446 28.45 1, 58 1.53 
s ©. 1355 1. 866 3. 134 38.13 156 1.45 
Ww 1537 2.124 2.876 47.88 LM 1. 52 
12 ©. 1733 2. 402 2. 508 7. 0 1.61 1. 52 
15 1938 2. 693 2. 307 72.31 1.61 1. 58 
16 © 1993 2.771 2. 229 77.2 1.61 1.51 
» 2140 2.979 2.021 97.02 1. 52 1. 52 
25 . 2358 3. 288 1.712 121.7 1. 58 1.54 
aw 2510 3. 4 1. 406 146.5 1.60 1. 48 
35 24 3. 637 1. 368 71.4 1. 1. 48 
” 2700 3. 773 1, 227 196. 2 1.57 1.51 
w) 240 3.972 1. 028 246.0 1. 57 1&8 
loo 3179 4.453 0. 47 495. 5 1.64 1.49 
LU 3382 4.741 250 = (2, 495. “0.73 | 0.63 
1,000 3487 4. 880 11) 4, 995, * 88 7% 
Limiting 
value 4. 3565 5.000 
Average ¢* 1.58 | ¢1.52 





* Expressed as molar equivalents of 5X 10-5-M picric acid. 
In moles per liter of solution. 
Average of 5 values. 
! Observed value; calculated value is the same. 
e Values marked with an asterisk are excluded from the average 


in the absorbancy is relatively great for small 
values of ©,. When the value ot (©, is greater 
than about 50 molar equivalents, much larger 
increments are necessary to cause measurable 
changes in the absorbaney and to determine the 
limiting value. For example, when (,—200 or 
500 molar equivalents, identical values of a, were 
obtained. Calculations of A’ using this provi- 
sional limiting value showed a slight trend. Cal- 
culations were then made with various assumed 
The value that gave the 
The validity 
of this number was confirmed experimentally for 
solutions that contained €,=-2,000 and 4,000 
molar equivalents, in which the minute residual 
quantities of picric acid are not detectable spectro- 


limiting values for a,. 
most consistent results was 0.3565. 


photometrically. 
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Ficure 2. Effect of the concentration of tribenzylamine, 
expressed in molar equivalents, on the fraction of the acid 
converted to salt in benzene. 

1, 5X10-5-M picric acid. Open circles, values for 410 my; solid circles, 
values for 342 my. 2, 5X10-5-M trinitro-m-cresol. Open circles, values for 

400 my; solid circles, values for 345 my. 


Equation 2 may also be expressed in logarithmic 
terms as follows: 
Log [S]/[.A]=log [B]+ log K,,.... (3) 
Equation 3 has the form of the familiar equation 
for the straight line, y= mzr+-6, in which m signifies 
the slope of the line and 6 is its intercept on the 
v-axis. For the reaction postulated (eq. 1), m 
should equal 1. In figure 3, for convenience, the 
values for log [S]/|.A] and —log |B] are plotted 
along the vertical and horizontal axes, respectively. 
The slope then becomes negative in sign. The 
line shown in figure 3 was drawn with the theo- 
retical slope, minus 1. Log A,,.,... is the intercept 
on the horizontal axis for log [S][A]=0. It is 
evident from inspection of figure 3 as well as of 
table 1 that the experimental values showed no 
trend when the concentration of the base was 
varied but conformed closely to the equation 
assumed for the reaction. The validity of eq 1 
is therefore supported by the experimental results 
as well as by the fact that any reaction other than 
the one postulated would be inconsistent with the 
properties of tribenzvlamine and picrie acid. 
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Ficure 3. Graphical evaluation of association constant for 


the reaction of 5X 10-5-M picric acid with tribenzylamine 


in benzene. 


Experimental points marked 1 through 100 indicate the number of molar 
equivalents of tribenzylamine per mole of picric acid. Open circles, values 


for 410 my; solid circles, values for 342 my 


From the association constant, 1.58 10°, it 
may be caleulated that in a 5 107°-\/ solution 
of tribenzylammonium picrate in benzene approx- 
imately 93 percent of the salt would be dissociated 
into tribenzvlamine and picric acid at 25° C. 

Reaction of tribenzylamine with trinitro-m-cre- 
sol.—Trinitro-m-cresol (3-methylpicric acid) is a 
colorless solid and gives a colorless solution in 
The transmittaney curve for 5 107° 
benzene (fig. 4, curve 0) 


benzene. 
trinitro-m-cresol in 
resembles that of equimolar picric acid in benzene 
but is shifted slightly toward shorter wavelengths. 
Instead of a shallow absorption band near 340 
mu, there is a plateau in the region 325 to 335 mu. 
No measurable absorbancy was observed for a 
5 10°°-M solution at wavelengths greater than 
about 440 mu. Deviations from Beer's law were 
not detected for solutions of four different con- 
10-°-M to 5 10-*-M, 


and there is no reason to expect either association 


centrations in the range 5» 


or dissociation of the acid in a benzene solution of 
the concentration used in the investigation. 
Comparison of curves | and 2 in figure 2 reveals 
that a greater excess of tribenzylamine is required 
for the conversion of trinitrocresol to its tribenzyl- 
ammonium salt in benzene than is required for 


600 


PERCENT 


TRANSMITTANCY 











250 300 36 40 4° 
WAVELENGTH , My 
Ficure 4. 
for its mixtures with tribenzylamine in benzene (1-cy 
cell). 
0, Trinitro-m-cresol, 5X10-5-M; (20) and (100), 5X10-°--M trinitro-m-cres: 


with 20 and 100 molar equivalents of tribenzylamine, respectively; 8, ca 


, 


Transmittancy curves for trinitro-m-cresol anid 


culated limiting curve for the reaction of 5X10~-M trinitro-m-cresol w 
tribenzylamine. 


the conversion of picrie acid to tribenzylam- 
monium picrate. When about 2,000 molar equiv- 
alents of tribenzylamine were added to 5 10~°-\/ 
The limit- 
ing value was therefore not measurable, but 


trinitrocresol, precipitation occurred. 


was calculated in the manner described for tri- 
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Ficure 5. 
the reaction of 5X10-°-M trinitro-m-cresol with 1 
benzylamine in benzene. 


Graphical evaluation of association constant | 


Experimental points marked | through 600 indicate the number of m« 
equivalents of tribenzylamine per mole of trinitro-m-cresol. Open cir 
values for 400 my; solid circles, values for 345 my. 
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The data presented 
i) table 2 are for trinitro-m-cresol and 18 mixtures 
with tribenzylamine and correspond to 
already discussed for mixtures of picric acid with 
Measurements at 400 my and 
345 mp gave the same average value, 448, for 


|) nzylammonium picrate. 
those 
tribenzylamine. 


Kuswwe. From inspection of figure 5 it may be 
seen that all of the experimental values for log 
(S| |A] versus —log |B] fall on or very close to the 
In view of the unlikelihood of 
a reaction other than the one postulated and the 
consistency of the results, the value 448 for 
Kise. May be accepted with confidence. From 
this result it may be computed that in 5x 107°-M 
benzene solution, the tribenzylammonium salt of 


theoretical curve. 


trinitro-m-cresol would be 98 percent dissociated 
into tribenzylamine and trinitro-m-cresol at 25° C. 

Although it was not possible to measure the 
transmittaney curve for the tribenzylammonium 
salt of trinitro-m-cresol, the curve was calculated 
lanLe 2. Experimental data and association constant for 


the reaction of tribenzylamine and trinitro-m-cresol in 
} 


wenzene 
From measurements at 
Initial con 
centration of 100 mig 345 my 
base * 
a, SS] 10 [AlXlee | BIx10 Kx”? Kx 
“ 0. 0080 
O177 0.1273 4.873 4873 °5. 36 *4. 24 
2 0241 2a” 4.779 9.779 °%4.73 “408 
i 0367 . 4052 4. 505 19. 00 "4.49 *4.79 
10 0706 912 4.009 49.10 4.48 14 
a” 1129 1. 520 $. 480 US. 48 4.44 447 
uw 1439 1.974 3. 026 148.0 4.41 146 
“) 1726 2. 393 2007 197.6 4.65 4.70 
“MO Ind 2. 505 2. 405 247.4 4. 36 4. 46 
“wm any 2. 805 2.105 207.1 463 4.50 
70 2161 +. 030 1.970 347.0 4.43 4.55 
wi) 2277 3. 200 1.800 306.8 4. 48 424 
wo Zit 3. 330 1. 670 46.7 4.46 4.49 
100 2441 +. 440 1.5) 4106.6 44 4. 30 
a 2924 4.146 0.854 O58 *4. 88 4.97 
wn) w72 4. 363 . 187 1, 406, "4.58 “4.20 
wo 3197 4.546 434 1, 905 *5. 02 “4.58 
uM) 3270 4. 652 . 348 2, 496, *5. 36 *4.80 
600) 3279 4. 666 334 2, 906. "4.66 *4.23 
Limiting 
value 1(. 3507 5.000 
A verage e448 ¢4.48 


* Expressed as molar equivalents of 5X 10---M trinitro-m-cresol 
>» Average of 10 values 

¢ In moles per liter of solution 

4 Calculated as explained in the text 


* Values marked with an asterisk are excluded from the average. 
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5<107-M 
trinitrocresol and for its mixtures with 20 and 100 
molar equivalents of tribenzylamine and the calcu- 
lated limiting value of a, at 400 mu (used in the 
computation of A,,.,..). The quotient, fa, (salt) — 
a, (acid)}/[a,(mixture)—a, (acid)] should be the 
same for all wavelengths. 


from the transmittancy curves for 


Two sets of values for 
the absorbancy versus wavelength were calculated 
for the salt, one set based on the absorbancy values 
for the solution that contained 20 molar equivalents 
of tribenzylamine and the other set based on the 
values for the solution with 100 molar equivalents 
of tribenzylamine. The final curve was computed 
from the average of the two sets of values. The 
computed curve (dotted line marked S in fig. 4) 
intersects the three experimentally determined 
curves at their isosbestic point, which is near 300 


my, and is probably correct within +1 percent. 


V. Discussion 


So far as we are aware, the association constants 
given in section LV are the first values for solutions 
of acids and bases in benzene to be measured with 
precision by the spectrophotometric method. In 
an earlier publication [1], provisional values were 
given for the association of the indicator acid, 
bromophthalein magenta, with five different bases 
in benzene. These values were determined under 
less favorable experimental conditions but are 
Nearly 20 
years ago, Weissberger and Fasold {11] attempted 
to measure spectrophotometrically the extent of 
salt formation in benzene and chloroform solutions 
of p-dimethylaminoazobenzene (methyl vellow) 
and trichloroacetic acid. The values for A were 
not constant and showed a trend. Hantzsch had 
previously emphasized the tendency toward salt 


probably close to the correct values. 


formation in an inert solvent as the most logical 
measure of the strength of acids, and had estimated 
the relative strengths of several acids by semi- 
quantitative measurements of the extent to which 
they formed colored salts with basic indicator dyes 
112, 13]. Carboxylic acids are known to be dimer- 
ized in inert solvents and, according to Hantzsch, 
sulfonic acids are associated in chloroform {14}. 
In titrating acids conductimetrically with aliphatic 
amines in benzene, Maryott observed unusual 
inflections in the curves for the titration of tri- 
chloroacetic and camphorsulfonic acids that were 
not present in the curves for the titration of picric 
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acid. The peculiarities were interpreted in terms 
of a reaction between salt and acid, leading to the 
formation of a complex anion [15]. In all proba- 
bility, the reaction studied by Weissberger and 
Fasold was complicated by similar effects. 

Maryott has measured the dipole moment at 
30° C of tribenzylammonium picrate in benzene. 
The value, 12.0% 10—" esu, is substantially the 
same as that found previously for the picrates of 
more strongly basic amines [{16, 17].°. From the 
variation of dielectric constant with concentration, 
the constant for the dissociation of tribenzyl- 
ammonium picrate into tribenzylamine and picrie 
acid in benzene was determined at 30° and 40° 
C {17}. On the assumption that the change in 
enthalpy (A//) is constant over the limited range 
of temperature involved, the value calculated for 
Ky at 25° C is 5.58 107°. The corresponding 
value for the dissociation constant expressed in 
terms of moles per liter rather than mole fraction 
is 6.25&10°'. The reciprocal of this value, 
Kosoc., 8 1.60% 10°, or almost exactly the value 
obtained by the spectrophotometric method. 

The extent of ionic dissociation of picric acid 
and trinitro-m-cresol in water and in absolute 
methyl and ethyl alcohols has been measured by 
Goldschmidt and his collaborators. The two acids 
were found to be highly ionized and of practically 
equivalent strength in water, in agreement with 
earlier work of Kendall [21, 22]. Differences were 
found, however, in the strengths of the two acids 
in alcoholic solutions. For picric acid, the thermo- 
dynamic ionization constants found were 1.547» 
10-* in methyl alcohol [23] and 8.32 10~° in ethyl 
alcohol |24].’. For trinitro-m-cresol, the respective 
values were 3.47 107° [21] and 1.59 107° [24]. 
The results for methyl and ethyl alcohol solutions 
indicate a lower acidic strength for trinitro-m- 
cresol, in agreement with our results for benzene 
solutions. 

On theoretical grounds, this difference in the 
strength of the two acids could have been pre- 
dicted. The introduction of a nitro group into 
the phenol molecule is most effective in increasing 
the acidic strength when the substituent is in the 
ortho or para position. This indicates that reso- 
nance with quinoid structures is involved, as well 
as electrostatic interactions between the ionizable 


found for tetraalkylammonium picrates in benzene are of 
Sesn at 25° C [18 to 2), 


has been reported for picric acid in butyl! alcohol [25] 


* The values 
the order ISX 10 


? The value 6.23X10 
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proton and the dipole moment of the nitro grovp 


[26 to 28). In picric acid, with two nitro grou s 
ortho and one para to the —OH group, both thy 
electrostatic and the resonance effects operate in 
the same direction, thus accounting for its high 
strength. If resonance with quinoid structures js 
prevented from occurring, only the electrostat i 
effect of nitro groups remains. Wheland and co- 
workers have shown that in p-nitrophenol the 
introduction of methyl groups ortho to the nitro 
group causes a diminution in acidity. It is as- 
sumed that such groups cause the nitro group to 
be twisted out of the plane of the benzene ring, 
thereby preventing quinoid resonance. This effect, 
which is termed “steric inhibition of resonance,” 
has been observed by other investigators, for bases 





as well as for acids. The lower acidic strength of 
trinitro-m-cresol as compared with picric acid can | 
be explained by similar arguments, for the two 
acids differ in structure by the presence in trinitro- 
m-cresol of a methyl group adjacent to the para 
and one of the ortho nitro groups. In this con- 
nection, it is interesting to recall that the absorp- 
tion curve for trinitro-m-cresol in benzene 
found to be shifted a litthe—toward shorter wave- 
lengths—from the position of the curves for picric 
acid. (See p. 600.) This difference is in har- 
mony with current theories of absorption spectra, 
according to which the energy of excitation is 
lower for a molecule in which there is resonance 
among various structures, and hence spectral ab- 
sorption occurs at longer wavelengths than if 
there were no resonance. Partial inhibition of 
resonance should lead to an effect. 
Remington [29] and several others have observed 


opposite 


such effects. 

The discovery that acids that appear equally 
strong in water show differences in acidity in other 
solvents is not new. Some of the earliest work in 
this field was by Hantzsch, who showed, for 
example, that perchloric acid, the halogen acids, 
nitric acid, and sulfonic acids—all of which appear 
equally strong in water— exhibit marked differ- 
ences in intrinsic acidity when comparisons are 
made in solvents such as chloroform and ether 
[14]. Numerous workers have 
advantage of working with aprotic solvents, but 
the use of such media to date has largely been 
limited to studies of the catalytic effects of dif- 


pointed out the 


ferent acids and bases. 


Was | 





The intrinsic strength of an acid or base can be | 
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determined only by the study of a reaction that 
is reversible to a measurable degree. In water, 
the ionization of an acid—which is customarily 


formulated as HX+H,O—H,07+ X 


tically to completion when the acid, HX, re- 


goes prac- 
linquishes its proton readily. The great excess of 
the base, H,O, is partly responsible for the com- 
The strength of the 
measured only when the relative 
their 


pleteness of the reaction. 
acid can be 
strengths of the acid and the base and 
relative proportions in various mixtures are such 
that the reaction is only partly complete. 

The results reported in this paper show that the 
combination of tribenzylamine with picrie acid or 
unsuitable for titri- 


trinitro-m-cresol would be 


metric analyses. It is an advantage, however, for 
the determination of relative strengths that the 
Tables 


of relative acidic and basic strengths similar to 


reactions do not proceed to completion. 


the electromotive series of metals can eventually 


be constructed when more data are available, 


but much work remains to be done. 
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Transmission of Reverberant Sound Through Single 
Walls 


By Albert London 


The transmission of reverberant sound through homogeneous single walls has been 
investigated theoretically and experimentally. Random incidence sound-transmission 
measurements were made on homogeneous walls of aluminum, plywood, and plasterboard. 
The results were found to be in satisfactory agreement with a modified version of a theoretical 
treatment first given by Cremer, which postulates that the wall impedance has a resistive 
component in addition to its mass reactance and a stiffness reactance resulting from the 
occurrence of flexural waves. Two of three parameters that are required to predict the 
transmission loss, namely, resistance, and critical flexure frequency, the third one being mass, 
are evaluated from the experimental data in such a way as to obtain the best fit between the 
theoretical and experimental results. Conditions under which the mass law of sound trans- 
mission may be assumed to be valid are investigated in detail by studying the behavior of 
Rayleigh’s transmission law, which takes into account the compressional waves induced in 
the wall. 

Experimentally, it was found that considerable improvement in transmission loss could be 


obtained by applying a fairly substantial sound-absorbent blanket to one of the faces of a 





homogeneous wall. 


I. Introduction 


Previous investigators [1 to 5]! have given 
theoretical treatments for the attenuation of a 
plane sound wave upon transmission through 
multiple partitions consisting of two or more septa 
separated by airspaces. Inall of these derivations 
only normally incident sound waves are considered. 
Consequently, it is difficult to compare the theo- 
retical predictions with the experimental results 
obtained on walls for which transmission loss char- 
acteristics are determined [6] under the excitation 
of reverberant sound fields containing random 
waves with random angles of incidence. 

Also in the previous derivations [1 to 5], it has 
usually been assumed that each panel of the double 
wall combination has a mass reactance only. This 
is equivalent to assuming that each individual 
septum obeys the familiar mass law. However, 


V: Figures in brackets indicate the literature references at the end of this 
paper 
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it is well known that many homogeneous walls 
deviate considerably from the mass law. Conse- 
quently, it was necessary to investigate the trans- 
mission of reverberant sound through single walls. 
By utilizing a modified version of a treatment first 
given by Cremer [7], it was possible to determine 
a suitable equation of motion for each septum, 
which could then be inserted into the equations 
governing the transmission through the double 
wall, 

In this paper, the attenuation of an obliquely 
incident plane sound wave upon transmission 
through a single wall is computed. By using the 
customary reverberant sound field statistics, the 
attenuation is integrated over all angles of inci- 
dence to give the average transmission loss. The 
same technique is applied in studying the trans- 
mission loss through double walls, which will be 
given in a subsequent paper. In addition to the 
theoretical treatment, experimental results on 
single and double walls will be given. 
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II. Transmission Through Single Walls 
1. Attenuation of an Obliquely Incident Wave 


In figure 1, an oblique plane wave is incident at 
an angle @ on the infinite wall. If p, is the acoustic 
pressure in the incident wave, then there will be 
a reflected wave with pressure p,, and a trans- 
mitted wave with pressure p,. It is required to 
determine the ratio p;/p,. Consider any small 
area of the wall located at point (0,0). Then 


Y axis 











Ficure 1. 


Geometrical relation between incident, reflected 
and transmitted pressure waves, 


there are two conditions which obtain at the 
boundary between the sound field and the wall, 
which suffice to determine the desired ratio, that 
is, (1) continuity of X-component of particle 
velocity, and (2) the relation between the acous- 
tic pressure difference acting across the interface 
and the motion of the wall. 

Let the pressures be represented by expressions 
of the form: 


Ps Pe ~ik(z cos @+y Bin @), ) 


Pr Pyetot- * z cos @+y sin 6), (1.1) 
Pr Pe ik(zt cos 6+y Bln 6), 
where 
_ oF WwW —— 
k= zoe As wavelength in air, (1.2) 





The directions of propagation of the waves are 
in the z-y plane. As the particle velocity is re- 
lated to the pressure by the expression 


_ia 


iz= Se? (1.3) 


the first boundary condition at point (0,0), 
results in the following: 


P,—P,=P _ PEN 


rm" © cos 0 (1.4) 


where i is the velocity amplitude of the wall in 
the z-direction, whereas the second boundary 
condition requires that 


(P.+P,)—P.=Zete. (1.5) 


Here Z,, is the mechanical impedance per unit area 

of the wall. Whence, a, the ratio of the incident 

to transmitted amplitude becomes 
Pi Z., COS 6 


“145 


a “P, 2pe (1.6) 


2. Basic Assumptions 


In the derivation of eq. 1.6 it has been assumed 
that it is only necessary to consider a small area 
of the wall for which the projection of the wave 
front on it has practically constant phase. This 
treatment may be justified by the consideration 
that a reverberant sound field may be treated as 
the resultant of effects due to sections, having a 
small area, of wave packets with random angles 
of incidence and random phases. Also, use may 
be made of Schoch’s [8] asymptotic law, which 
states that at sufficiently high frequencies above 
the fundamental frequency of a vibrating plate, 
the plate breaks up into small zones that vibrate 
independently of all other zones. Any small area 
of the plate vibrates in accordance with the sound 
pressure acting on this small area only. 

Other assumptions that are implicit in this 
derivation can best be discussed with reference to 
a specific type of Z,, that is, one in which the wall 
is assumed to have a mass reactance only, corre- 
sponding to which 


Zye=tom, (2.1) 


where m=mass of wall per unit area. Now, 
Rayleigh [9], by considering the compressional 
waves induced in the wall by the action of the 
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sound waves, has shown that the attenuation is 


4 pc cos 6, ; 
pic cos 6 


2.2) 


more generally given by 


- pic; Cos 6 
a=cos (al)+5 sin (a,/) | pe cos 4; 


where 


2r 
a, cos 4. 
1 
l=thickness of wall. 
6,—angle of refraction of wave in wall. 
p, density of wall material. 
c,;= velocity of sound in wall material. 
\, = wavelength of sound in wall material. 


In eq 2.2 a phase factor given by Rayleigh that 
does not effect the magnitude of {a} has been ig- 
nored since we shall concern ourselves only with 
absolute values. For a,/<1, or 2xl/d,(cos 6,)<1, 
eq 2.2 becomes 


») 


2nl 
a i-+z % cos 6, ( 
i 


pit; cos 6, pe cos A; ) (2.3) 


pce COS 4, ~ pic; cos é 

If we restrict ourselves to angles less than the 
critical angle as defined by Snell’s law and as is 
explained below, then if (pe cos 6,)/(p:c; cos 6)<1, 
which is equivalent to (pe)/(p¢;)<1 since cos 4, 
and cos @ are of the same order of magnitude, eq 
2.3 reduces to 

iwm cos 6 


a ? 


(2.4) 
2pc 


which is identical with eq 1.6 when eq 2.1 is sub- 
stituted in the latter equation. Thus, it will be 
seen that eq 2.4, which we shall call the mass law a 
is valid, provided the specific acoustic impedance 
of air, pe, is much less than that for the wall mate- 
rial, and the thickness of the wall is much less 
than the wavelength of sound in the wall. 

It is of interest to investigate the behavior of 
eq 2.2 in the vicinity of @=90°, since the mass law 
a, (eq 2.4) predicts that the incident wave will be 
totally transmitted at grazing incidence. First, 
it is to be noted that, in accordance with Snell’s 
law 

sin@, «¢ 


sin 6 c 


and the critical angle of incidence @, is given by 


° c 
sin @, , (2.6) 
Cc; 
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or since for ordinary materials ¢,/e>1, we see 
that the critical angle of incidence is rather 
small. Thus, for a brick wall c,/e~ 10, and there- 
fore 6.~6°. For angles greater that @, cos 4, 
which may be written as 


\ GY s-« M4 = 
cos 4, 1—( ') sin? 6! , (2.7) 
( c ) 
becomes imaginary, i. e., sin @>c/ce,. Then let 


cos 6,=1 )( - ) sin? @—1 i cos 6, (2.8) 


where cos 6,, from its definition, may be greater 
than i(2r/d,) cos 6. 


Equation 2.2 becomes 


unity, and also a,=ia; 


pc cos 6 p;¢; cos 6 
pic; COS @ pe cos 6; 


(2.9) 


P Sos ‘ 
a=cosh (a,/)— 5 sinh (ad) [ 


If a, <1, for @>8@,, then 


“ cos 6; =e sin 6<1, 

so that this condition corresponds to 1<\ <\,, and 
is to be compared with the condition /<), when 
<6, previously derived. Equation 2.9 by a 
first-order expansion of cosh (a,/) and sinh (a//) 


becomes 
i mw GY +. | 
a is cos @ ” ( ) sin* @ l . 
= pe 1—( pe ) é | 
: pic) cos’ 6 ! 
(2.10) 
which for angles close to 90° reduces to 
, mw cos 6 § p *) 
a To . ) ( tan @) (2.11) 
- pe pi ) 


Thus total transmission occurs at an angle less 
than 90° when tan @=p,;/p, and since p, p= 10°, @ is 
very close to 90°. At 90°, however, the attenua- 
tion becomes infinitely creat Furthermore for 
angles not close to 90°, eq 2.11 reduces to the mass 


law a, (eq 2.4), even though @>8@,. 


3. Average Attenuation for a Reverberant Sound 
Field 


In a reverberant room, waves are incident at 
the transmitting wall from all possible directions. 
Since the phases are distributed at random, the 
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energy of the resultant wave is a summation of the 
energy of each individual wave component. 
Each packet of energy incident at angle @, is 
greater than its corresponding transmitted packet 
by the factor |a*. Let r be the ratio of the total 
energy transmitted by the wall to the total energy 
incident on the wall, then in accordance with the 
usual reverberant sound field statistics [6] 





f cos @ sin 6 dé * 

ae 

pat a -2| cos 6 = 6 d6 (3.1) 
0 jae) 


2 
f, cos @ sin 6 dé 
0 


For a wall having a pure mass reactance, i. e. @ 
detined by eq 2.4, the transmission loss (77), 
which is defined as 10 logy) (1/r) is given by 


TL=10 log (*) =10 log a?—10 log [In (1+*)], 
(3.2) 
where 
wm 


at 


Equation 3.2 is the random incidence mass law, 
which is to be distinguished from the normal 
incidence mass law given by 


TL=10 log (1+<%), (3.3) 


which is readily obtained from eq. 1.6 and eq 2.1 
by setting @=0° and noting that in this case 
1/r=|a/’. 

In table 1, a comparison between the normal and 
random incidence transmission loss values is made. 
Thus, it will be seen that the effect of random 
incidence is to materially reduce the transmission 
less relative to what would be observed in the 
case of normal incidence. 


Taste l. Transmission loss 


— = + meno Difference 
e dh dh 
Ww 59 41 
» 13.3 67 
3 21.6 8.4 
A 30.4 9.6 
| ” 39.4 10.6 


| ao 48.6 11.4 | 
| 


Neither the normal nor the random incidence 
mass law agrees with experimental results on light- 











possible to obtain reasonable agreement with 
experiment if it is postulated that the wall 
impedance Z, contains in addition to its mass 
reactance a resistive term. For this purpose it is 
assumed that 

9 


Ze" 4 +iwm, (3.4) 


~ cos 0 


and in accordance with eq 1.6, there results 


where R=r/pc, the resistance in pe units. Further- 
more, in this case the transmission loss becomes 


~ 2 { _@a@ VI]. ¢ 
TL=10 log a?—10 log| inf +(5-"p) '] (3.6) 


From the method used in introducing the resist- 
ance coefficient rin eq. 3.4, it will be seen that it 
has been assumed that a normally incident wave 
experience much less resistance than a wave at 
oblique incidence. This seems to be a natural 
assumption to make, since it is to be expected 
that a wave at almost grazing incidence would 
have high attenuation in passing through the 
material because of its long path length, whereas 
a normally incident wave would have little attenu- 
ation because of its short path length. In addi- 
tion, from eq 3.5 it will be seen that the effect of 
the resistive term is to reduce the high trans- 
mission obtained at grazing incidence for the 
random incidence mass law. Since at low fre- 
quencies the mass reactance is rather small, while 
R is independent of frequency, the effect of R will 
be to increase the low frequency transmission loss, 
whereas at high frequencies it will have negligible 
effect. 

In figure 2, application of the random incidence 
mass law, eq 3.2, and the more general equation 
that includes the resistance term, eq 3.6, to ex- 
perimental results obtained on a \4-in. aluminum 
wall are shown. It will be seen that e¢ 3.6 may 
be made to fit the experimental data if R is taken 
to be 2.16. The optimum value of PR was deter- 
mined empirically so as to give the best fit with 
the data. 

In the next section we shall consider modifica- 
tions required in Z, when flexural waves are 
excited in the wall. Before taking leave of the 
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Figure 2. Transmission loss of a ‘e4-in. aluminum wall. 


m=0.12¢g/em?. Curve 1: transmission loss=10 log a?—10 log [In(1+e?)]; 
curve 2: experimental; curve 3 


transmission loss= 10 log a?—10 log In 1+ ( i = y}); where R=2.16 
present discussion we need to investigate further 
the :elationship between Rayleigh’s exact expres- 
sions (eq 2.2 and 2.9) and the random incidence 
mass law. 

Since the mass law in the form of eq 2.11 holds 
only when a/<l1, it is of interest to determine 
what limitations occur as a result of this restric- 
tion. From eq 2.9, for pe cos O<pic; cos 6, 
which is valid for all values of @ except those very 
close to 90°, provided p<p;, we may write 


a|?=cosh? ai) +4 sinh? (aj/) (2s): (3.7) 

For small aj/ we take cosh aj/=1 and sinh 
al=ajl. This substitution results in the mass 
law ja@*. Since both the cosh ‘ sinh increase 
with increasing argument, w i » find an 
upper bound to ail such that the ¢ i of eq 
3.7 from the mass Iew will not ! 
Furthermore, the second term of the right-hand 


OO great. 


side of eq 3.7 is much greater than the first, so 
that practically all of the deviation will be due to 
sinh (a\/)>aj/. If we use the value of aj such 
that sinh*(a,/)/(a,l)*=2, there will be approxi- 
mately 3 db more loss for this value of aj/ as 
compared to the mass law. When a/=1.5, 
[sinh (aj/)]/(a{l) = 1.4195, a sufficiently 


close approximation toy 2. 


which is 
This results in 


1.5¢ _ 


si = <= 3.8 
in @ - - (3.8) 


where w is 2x times the frequency in c/s, / is the 
thickness in centimeters. The value of @, pro- 


vided 6= 90°, defined by eq 3.8, say @,, may be 
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taken as the maximum angle of incidence for 
which the mass law expression (eq 2.4) represents 
very closely the Rayleigh expression (eq 2.9). 
The whole state of affairs is pictured in figures 
3 and 4 for the case of a brick wall for which the 
physical constants were taken as p,=1.5 g/cm’, 
¢;=4.3X10° cm/sec, ¢,/e=12.5, l=2 in. for f 
4,096 cps, or /=4 in. for f=2,048 cps, ete. It 
will be seen from figure 3 that @,, in this case is 
about 24°, and the Rayleigh expression (eq 3.7) 
for angles greater than @, results in values for 
la!*, which are much larger than the |a!? ob- 
tained from the mass law. Figure 4 shows that 
the + integral (eq 3.1), using the integrand  ,, 
corresponding to the mass law and integrating to 
90° will result in a value of 7 that is much larger 
than that which the Rayleigh expression would 
give. To obtain an accurate value of + under 
such circumstances, it would be necessary to 
integrate the exact Rayleigh expression. How- 
ever, a rough approximation to the integral could 
be obtained by integrating the mass law expression 
from 6=0° to 6=8,.. The accuracy of this approxi- 
mation would increase as @, increases. Thus, if 
we let u=cos’é, and 6, be the maximum angle 























































meee TY 
RAYLEIGH | 
70 . 4 
| XY] 
e3 65 = | a J 
$2 
ad 
ga «80 4 
wm 2 
14¢( 4 
1oLoe|i+(-am cos 6)*| 
55 - 3 
| 
50 J 
25x10® ' ——_—— — 
RAYLEIGH 
20 + 
| | 
15 
a. 
. | WA 
10 
wi 
5 —— —— 
thm 
° | 

















°° 10° 20°) 30° 40° 50° 60° 70° 80° 90° 
Om 


@ ANGLE OF INCIDENCE 


FiGure 3. 
leigh’s expression, eq 2.9 and mass law |\a)?, 


Comparison between \a? obtained from Ray- 


Calculations for a brick wall: 2 in. thick at 4,096 c/s; 4 in. thick at 2,048 c/s; 
8 in. thick at 1,024 c/s, ete. 
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Rayleigh’s expression, eq 2.9, and from mass law |a\? 
(plotted in fig. 3). 
2s @cosé. = 
fJ- _- - Le, =f > Jae. Jf corresponds to the Rayleich 
ry} a 0 ‘ 
expression JS: g corresponds to the mass law y 
hel 


of incidence for which the integral (eq 3.1) will be 
evaluated, we have from eq 3.8 


6 l 2 .25¢c? ‘ 
Um= COS" m meter: = gt 3.4 
— oF (3.9) 
where 0<u,,<1 
and eq 3.1 becomes (using 7,=iwm) 
| du 1 1+a? . 
. f. l+a*u a* In 1+ Oun, (3.10) 
Now 
2, —o pre? 2.25¢ 
LU m . oo & 
eon [ 28 
or 
0.56p," 
a a ~ (3.11) 


a*p* 


Since u,,=0, when 6,,—90°, we see that restric- 
tions onthe maximum angle of integration 
begin to occur only when 0.569,7/a*p?~1, which, 
since (p,/p)*~10°, means that this phenomenon 
should be taken into account only when the wall 
is of such a nature that its normal incidence trans- 
mission loss is of the order of magnitude of 60 db 
or greater. In this case it would be much better 
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to use the exact Rayleigh expression than to 
attempt to use eq 3.10. 


4. Flexural Waves; Experimental Results 


The case of flexural waves has been discussed 
in some detail by Cremer [7]. We shall state his 
results and point out wherein the present method 
differs somewhat from his presentation. 

By using the wave equation for the motion 
of an infinite plate, Cremer shows that the wall 
impedance for a plane wave incident at any angle 


becomes 
, , Po? 
Le =twm [1 -_ A (4.1) 
where 
—_ Vl 
oii 12(1—s’) 


Q= Young’s modulus 
s= Poisson’s ratio 
c,= Velocity of flexural wave. 


In the above the velocity of the wall in the 
z-direction is represented by 


n - me - iki 


where k,=w/e,;=22/d,, 4. = wavelength of sound in 
the wall. The wall thickness is assumed to be 
small compared to \ and A,. Hence no z-depend- 
ent term occurs in 9. 

The appearance of the negative reactance term 
in the wall impedance is evidently due to the plate 
stiffness. It will be seen that it is possible for 
Z to become zero at the frequencies for which 
the bracketed term goes to zero in eq 4.1. The 
coupling between the acoustic wave and_ the 
flexural wave is given by the condition 

c=c, sin @, (4.2) 
where ¢ is the velocity of sound in air. Further- 
more, it is readily shown that if c, is the velocity 
of a flexural wave in the absence of driviag forces, 
then 


2 
ope (4.3) 
so that Z,, becomes 
. a. 
Le™= iwm (1 - oA sin'8). (4.4) 
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It is to be noted that Z, becomes zero when 
cy=¢;, that is, when the velocity of the free 
flexural wave is the same as that of the driven 
flexural wave. This phenomenon Cremer has 
called the coincidence effect. The lowest fre- 
quency, f,, at which the coincidence effect takes 
place occurs when 6=2/2 and is given by 


Po? ‘a 
e = 4.: 
me* (4.5) 
Now 
c/ P . Pia 
: =? 
cme ® f2 
or eq. 4.4 may be written as 
Ze=iwm (1 -f; sin‘) (4.6) 


By determining Young’s Modulus from meas- 
urements on longitudinal waves in a long bar of 
the wall material, an expression for P in eq 4.5 
that results in the following 


can be derived 


expression for f, 
f y 3c?(1 —s*)3 
. rej 7 
where c, is the velocity of a longitudinal wave in 
the bar, and / is the plate thickness. 

So far we have not considered the effect of a 
resistance term in Z,. Cremer introduces the 
dissipation effect by replacing Q by Q (1+ 6), 
where ¢ @ is the complex part of Young’s Modulus 
which results in damping. However, when it 
was attempted to use this method in experiments 
described below, extremely large values of « were 
to give any reasonable answers. In 


(4.7) 


required 
addition, the dissipation term had the wrong 
functional dependence on angle of incidence. It 
will also be seen that for frequencies much below 
f., eq 4.6 regains its simple mass law form, the 
complex Young’s Modulus would have no effect, 
and this theory would predict no dissipation for 
thin partitions. Thus, for the \,-in. aluminum 
wall shown in figure 2, f,=30,000 cps, so that no 
flexural effects would appear at audio frequencies, 
and consequently no dissipation would appear if 
we followed Cremer’s treatment. Accordingly, 
we introduce the resistance term here in the same 
way as in section II, 3. The complete expression 
for a, including flexural effects is then 


Py > 2 ‘ 
a=] 7s eS —() -f sin‘# ); 


te : (4.8) 
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and + is obtained from ja? by eq 3.1. Unfor- 
tunately, the integral (eq 3.1) appears to be un- 
integrable in general in terms of elementary 
functions. Hence in what follows, numerical 
integration was utilized. 

From eq 4.8 it will be seen that the transmission 
loss will depend on three constants R, m, and f;. 
Of these three constants, m is known, f, can be 
computed from eq 4.7 if all the other constants in 
this equation are known or measured, while 2 is 
unknown. Experimental measurements of trans- 
mission loss were made on \-in. plywood, and 
-, 1-, and 2-in. plasterboard walls. The R and 
jf. were determined empirically by choosing those 
values that gave the best fit with experimental 
results. R was determined by fitting an equation 
of the form eq 3.6 to the experimental data for 
frequencies from the lowest up to about one 
octave below the value of f,. 

In the case of figure 5, which is the transmission 
loss for a \-in. plywood wall, two critical flexure 
frequencies were computed, i. e., f-=900 ¢/s, or 
4-=1,885 c/s. The first value corresponds to c; 
for fir wood for a wave parallel to the wood fiber 
of 5.2*10° em/s. The second value corresponds 
to c, for a wave perpendicular to the fibers equal 
to 2.4 10° cm/sec. The best fit was obtained for 
f-=1,885 c/s. In addition to f,=900 c/s, an 
f-=2,048 c/s, where the dip in the experimental 
curve occurs, was also tried. 
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Ficure 5. Transmission loss of a '4-in. plywood wall. 


m=0.70 g/em?, Curve 1: experimental; curve 2: R=8.3, f,= 1885 
Figures 6, 7, and 8 give the results obtained on 
different thicknesses of plasterboard. In the ‘-in. 
plasterboard case, there is some doubt as to which 
is a better fit, f,—2,048 c/s or f,-=4,096 ¢/s. 
From eq 4.7 it is to be expected that f, for the 
various thicknesses of plasterboard should be 
inversely proportional to thickness. Consequently, 
if f.=512 c/s be taken as correct for the 2in. wall, 
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then f, should be 1,024 ¢/s for the l-in. and 2,048 
c/s for the '-in. wall. The experimental results 
roughly approximate this sequence of values for f,. 
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Ficure 6. Transmission loss of a *;-in. plasterboard wall. 
m=1,02 g/em?. Curve 1: experimental; curve 2: R=10.5, {.=2,048; curve 3, 
R=10.5, f= 4,096. 
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Figure 7. Transmission loss of a 1-in. plasterboard wall. 


m=203¢ em". Dotted curve: experimental; solid curve 2: R=10.5, f.=768., 
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Figure 8. Transmission loss of a 2-in. plasterboard wall 
: P 


m=4.06¢/em?. Curve 1: experimental; curve 2, R=15.3, f. =512. 


The variation of R with thickness is worth 
noting. No appreciable change was observed 
between the ‘-in. and 1-in. wall, whereas an 
approximately 50-percent increase occurred be- 
tween the 1-in. and 2-in. wall. Although the 
experimental points lie above the theoretical 
curves at the lowest frequencies, it is not possible 
to change 2 without changing the predicted trans- 
mission loss at the minimum point at which 
flexural effects are pronounced, and also the 
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theoretical transmission loss curve in the low- 
frequency region will go up or down accordingly 
as FP is increased or decreased. To some extent, 
the rather slow variation of R with thickness 
indicates that some of the dissipation may be due 
to the type of mounting or restraints at the 
boundaries of the wall. Since this was the same 
for all three walls, it would not be expected to 
change. The walls were slightly less than 6 by 
7's ft in size and were wedged in place in an opening 
of this size and then sealed in with a gypsum plaster 
seal. Experimental details are given in [6]. 


5. Transmission Through Inhomogeneous Walls 


In this section we consider some additional ex- 
perimental data bearing on the transmission of 
sound through single walls of an inhomogeneous 
character. 

We consider the case of a wall having a thin 
veneer of a different material on its surface. The 
wall has a flexual frequency of /,, occurring in the 
audio range, whereas the veneer has an f, outside of 
the audio range. It might be expected that such 
a combination would have an f, somewhere be- 
tween the two extreme values, so that the com- 
posite panel would begin to deviate from its mass 
law characteristics at a frequency somewhat 
higher than that of the wall without the veneer, 
thus resulting in an over-all higher transmission 
loss. In figure 9 are shown the results on a com- 
posite panel of this type. In this experiment the 
base panel was the ‘s-in. plywood wall of figure 5, 
to which was applied a \.-in. aluminum sheet on 
both faces by glue and tacks. No significant in- 
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Figure 9. Transmission loss of a ‘4-in. plywood wall 
with “q-in. aluminum faces. 
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crease was observed over and above what would 
be expected on the basis of an increase in mass. 


Thus, it may be concluded that a thin veneer 


relative to a thicker core can have little effect on 
the over-all transmission loss. This bears on the 
question of the acoustic effectiveness of lining 
doors with metal. 
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Fiagure 10. Egg-crate separators used to prevent transverse 
modes at wall surface. 





Figure 11. Strawcomb used in attempt to filter out waves 


incident at oblique angles. 
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Another type of experiment that was tried 1s 
illustrated in figures 10 and 11. Here it was 
attempted to filter out obliquely incident waves 
by inserting a honeycomb structure in front of the 
wall so that waves travelling at or near grazing 
incidence would be impeded. The first structure 
tried consisted of egg crate separators shown in 
figure 10. The next structure consisted of soda 
straws about 2% in. long placed in front of the 
wall (fig. 11). There were approximately 150,000 
straws used in the “strawcomb” shown in the 
figure. The principle involved is that if obliquely 
incident waves can be filtered out, then the trans- 
mission phenomena would be due solely to nor- 
mally incident waves, thus eliminating flexural 
vibrations and raising the transmission loss com- 
pared to the random incidence case. The results 
obtained in a series of tests in which the straw- 
comb was placed in front of various thicknesses of 
plasterboard are shown in figure 12. Although 
some increase in transmission loss was experi- 
enced, it was hardly as much as one might expect. 
Upon considering the action of the straws in 
greater detail it will be seen that for frequencies 
such that the wavelength is much greater than the 
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Figure 12. Effect of placing strawcomb of figure 11 in 
front of plasterboard walls. 


A, '-in. plasterboard; B, 1-in. plasterboard; C, 2-in. plasterboard 
tests made with 276-in, strawcomb in front of wall; , strawcomb removed 
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2%-in. straw length, the straws do not essentially 
change the boundary conditions (1) and (2) given 
in section II, 1. Thus the total pressure acting at 
the mouth of each straw is p,+p,, whereas the 
z-component of particle velocity is certainly con- 
tinuous, inasmuch as this is the only component 
that would be transmitted down the straw. The 
particle velocity is increased somewhat inside the 
straw because the solidity, i. e., the ratio of wall 
volume to total volume, was of the order of 10 
percent. We are thus led to the conclusion that a 
strawcomb of this type could not change the 
behavior of the wall to any great extent with the 
exception that transverse interference patterns 
or normal modes in the room located at the wall 
face would be broken up by the strawcomb. 
Meyer [2, 3] has indicated that in the case of 
double walls such modes tend to reduce the effee- 
tiveness of the double wall. We shall discuss this 
use of the strawcomb in double walls in a sub- 
sequent paper. 

The improvement in transmission loss obtained 
at the higher frequencies by use of the strawcomb 
may have been due to an absorbent effect of such 
a structure. Some measurements of the improve- 
ment in transmission loss obtained by hanging an 
absorbent blanket immediately in front on the 
source side of the plasterboard walls of figure 12 
(without strawcomb) are shown in figure 13, 
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Ficure 13. Effect of applying an absorbing blanket to a 
homogeneous wall. 


€ , Sin. glasswool, 1.0 lb/ft? on plasterboard walls; ——O-——, 
14¢-in. hairfelt, 1.2 lb/ft? on plywood walls. 


curve 1. The absorbent in this case was 3 in. 
of glass wool having an average density of 1 ]b/ft?. 
The improvement resulting from the addition of 
the glass wool blanket was approximately the 
same for the \-, 1-, and 2-in walls. Accordingly, 
the average increase in loss for these three walls 
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is plotted in figure 13. Curve 2 of figure 13 
gives the results obtained on the improvement 
resulting from gluing on to the far or receiving 
room side of a %-in. plywood wall, 1%-in. hair felt 
having an average density of 1.2 lb/ft?. Some addi- 
tional improvement, of the order of 3 db, is 
obtained by gluing rather than hanging the blanket 
loosely. A general discussion of this problem has 
been given by Cook [10]. It will be seen from 
figure 13 that this type of treatment produces a 
rather large effect. Consequently, it should be 
borne in mind in practical noise reduction prob- 
lems. In addition to the improvement in trans- 
mission loss, use may be made of the absorption 
provided by the blanket to increase the over-all 
noise reduction. 

One other observation is probably pertinent 
from a practical point of view. In the case of the 
plasterboard wall series, if the improvement in 
transmission loss that results from doubling the 
mass of the wall is averaged over all 10 test fre- 
quencies, it will be found that doubling the mass 
results in an average improvement of approxi- 
mately 4db. This result is in accord with previous 
data [11, 12]. 


III. Conclusion 


The experimental results and theoretical treat- 
ment show that there are three important physical 
properties of a homogeneous wall, namely, its 
mass, internal damping or dissipation, and its 
ability to propagate flexural waves, which deter- 
mine its sound transmission loss. Furthermore, 
the importance of the effect caused by random 
angles of incidence of the sound waves in a rever- 
berant room has been demonstrated. The experi- 
mental results were utilized to determine the 
values of R and f, for the different walls in ques- 
tion. This effectively determines the value of the 
wall impedance, Z,. Knowing Z, it will be pos- 
sible to investigate the performance of double 
walls consisting of two single walls separated by 
an airspace. This will be considered in a subse- 
quent paper. 


The author acknowledges the assistance of 
Seymour Edelman and Henry J. Leinbach, Jr., 
who carried out the experimental observations. 
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Separation and Identification of the Major C, to C,, 
Components of Triptene Residue 


By Philip Pomerantz, Thomas W. Mears, and Frank L. Howard 


As a part of an investigation conducted under the auspices of the National Advisory 
Committee for Aeronautics, the Bureau of Aeronautics of the Department of the Navy, and 
the Department of the Air Force, embracing the synthesis and isolation of highly branched 
hydrocarbons, a series of systematic distillations was carried out on “triptene residue,” a 
synthetic alkylate made at the Radford Laboratories of the General Motors Corporation. 

This report describes the isolation thereby of two heptenes, four octenes, and three 
nonenes; the identification of four heptenes, two octenes, three nonenes, and six decenes not 
resolvable by fractional distillation; and the isolation of two heptanes, two octanes, one 
nonane, and five decanes formed by hydrogenation of mixtures of olefins. Physical constants 


for the isolated products and graphs showing the course of the several distillations are pre- 





sented. 


The analysis presented is based, where individual olefins were isolated, on the distillation 


curves; where the mixtures obtained by distillation were more complex, the analysis is based 


on ozonolysis data and/or distillation data of the hydrogenated product. 


The mechanism of successive methylation by which the several olefins in the mixture 


were derived has been shown to be valid. 


I. Introduction 


The work described herein is part of an inves- 
tigation conducted for the National Advisory 
Committee for Aeronautics, the Bureau of Aero- 
nautics of the Department of the Navy, and the 
Department of the Air Force on the synthesis 
and purification of highly branched hydrocarbons 
for the determination of their physical properties 
and for a study of their antiknock characteristics. 
This report describes the isolation and physical 
properties of a number of hydrocarbons obtained 
from triptene residue by systematic fractionation 
and the identification of several others not isolated. 

Triptene residue is a byproduct of the manufac- 
ture of 2,3,3-trimethyl-l-butene (triptene). The 
details of the process and the mechanism of the 
chemical reactions involved have been presented 
[22]' by Verle A. Miller and W. G. Lovell. 


! Figures in brackets indicate the literature references at the end of this 


paper 


Triptene Residue 


As shown by Miller and Lovell, the process 
consists essentially of reacting methyl chloride 
with the dehydration products of tertiary amyl 
aleohol, in the presence of a specially prepared 
lime, to yield hydrocarbons of higher molecular 
weight. 

The olefin reactants consist primarily of 2- 
methyl-2-butene and lesser amounts of 2-methyl- 
l-butene and 3-methyl-l-butene. Under the 
proper conditions, the olefins are methylated at 
the double bond to yield a more complex mixture 
of hexenes. The first step in the methylation is 
believed to proceed as illustrated below.’ 


( Cc ¢ 
: CH;C! 
( C=—( a" C—C 
lime 
C C 
na _ CHC! —— 
C—C—C=—( C—C—( ( ( 
lime 


2 Asterisks indicate point of methylation, 
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The hexenes can react further to yield heptenes, 
the most important of these being triptene. This 
methylation step is shown below. 


Cc C Cc 
d | CH,;Cl |} | 
C—C=C—C ——+ C-—C—C =C (triptene) 
* lime | 
Cc 
; Cc C 
} * CH;Cl d dé 
C—C—C=C—C —s C—C—C=C—C 


lime 


Successive, stepwise methylations of portions of 
the heptenes yield octenes, nonenes, decenes, and 
higher boiling materials. 


Figure 1* shows the postulated course of the 
methylations of the methylbutenes and the olefins 
isolated and/or identified in this work. 

The compound 2,3,3-trimethyl-1-butene (trip- 
tene) is the component of the methylation products 
that is of the greatest interest, the methylation 
reaction being used primarily to produce this 
olefin. Besides having a high knock-rating, trip- 
tene is the precursor, by hydrogenation, of 2,2,3- 
trimethylbutane (triptane), a compound having 
exceptional engine behavior. Large amounts of 


3 This figure was adapted from the one published by Miller and Lovell [22] 
This altered chart is reproduced by permission of the Editor of Industrial 
and Engineering Chemistry. 












































I | 
C Cc " C 
CC=CC CCC=CG < C=C-CC 
| | 
¢¢ cc C C 
Cc-CcC cCc-C=C CG=CC-C CCCC-C 
| 4 : 
cc | © co | GG cc CC C 
‘CC-C=C | CCC-CC) = CC-CC-C — CO-CCCO—CCCC=C CCC6CC 
’ c_} IDENTIFIED 1OENTIFIED ISOLATED IDENTIFIED IDENTIFIED 
Bess, | | \ 6 
CG cog CC CC CG cc 
CCC=CC C-C-C=CC CC-CC=CC C=CCCC CC CCOCC CCCCC : 
C me ISOLATED ISOLATED Cc c IDENTIFIED z 
— | | ISOLATED IDENTIFIED ° 
\c : 
CC : C CCG ccc ccc CC cc z 
CCC-C= =O606-G= ccé-Cc CCCG=CC [CC-6-GCC COCCC S 
Cc. C \OENTIFIEO Cc C 
7. - % ISOLATED ISOLATED IDENTIFIED 2 
\¢ 
ae file Raw CCC ccc CGC 
OOEC-C6 a CCCC GC CG CG C-CC CCCCC GC-CC-CC ccccc 
_JL¢e J ¢ C c 
IDENTIFIED i IDENTIFIED Cc IDENTIFIED IDENTIFIED 
PARAFFIN ISOLATE 
—\y 
= 
Figure 1. Olefins isolated or identified in triptene residue, 
Principle products are enclosed by rectangles. 
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triptene were made by methylation at the Redford 
Laboratories of the General Motors Corporation, 
separated from the reaction mixture by distilla- 
tion, and then hydrogenated to triptane. The 
“bottoms” from this distillation is designated as 
triptene residue. 

The identity of the components of triptene 
residue aroused considerable interest at the Red- 
ford Laboratories, because the verification of the 
presence of certain structures as formulated in 
figure 1 would throw light on the mode of methyla- 
tion. The work that had been done on this prob- 
lem at the Redford Laboratories had been per- 
formed on the hydrogenated heptene and octene 
portions. More conclusive evidence, in the form 
of the identification of olefins, was needed, par- 
ticularly in the nonene and decene range. 

In addition, interest was directed in this labora- 
tory to the composition of triptene residue because 
several highly branched members shown in figure 1 


were needed in large quantities for engine tests and 
for synthetic work, and this alkylate appeared to 
be the most promising source of these compounds. 
Accordingly, by arrangement with General Motors 
Corporation, work was started on the fractionation 
of triptene residue in order to identify the major 
constituents of the alkylate through the decene 
range, and to isolate any hydrocarbons that could 
be obtained by fractional distillation. 


II. Equipment and Methods 
1. Distillation Equipment 


There were seven stills available for this study; 
these are listed in table 1. A more complete 
description of these stills is given in a previous 
report [14]. Still 9, having an efficiency of about 
40 theoretical plates at total reflex, was used for 
the fractionation of the oily layer arising from the 
ozonization of fractions of triptene residue. 


TaBLeE 1. Distillation columns 


—_ Type meine Material of con- 
num- ype Size struction 

ber 

In, 
) Total reflux variable take- 16 by “4 Glass 

off 
| il ..do 240 by 2 Monel... 

12 do 600 by 4 Galvanized steel 

13 do 00 by 4 do 

4 do 600 by 2 Stainless steel 

i7 Podbelniak Hypercal 72 by 1 Glass 

22 Total reflux variable take- | 72 by 1 do 

off 


Stills 11 to 14, inclusive, are of the total conden- 
sation partial-takeoff type and were constructed 
for analysis of commercial crudes, purification 
of large amounts of materials, and for isolation of 
hydrocarbons from commercial mixtures. Stills 
12, 13, and 14 were used to process the bulk of the 
triptene residue, whereas still 11 was used for 
redistillation of several cuts and for the isolation of 
paraffins from several of the hydrogenated cuts. 
Still 17 was used for analytical distillation of small 
amounts of material and of hydrogenated cuts 
and for redistillation of “heart cuts” of the several 
plateaus obtained from distillation of the triptene 
residue. 

Still 22 is a glass column of the Whitmore-Lux 


Triptene Residue 





a 
_ of theo- Ope . Pot ca- 
Packing a me —- amie 
(approx.) 
Litersjhr Gal 
Ma-in. stainless steel helices made from 40 0.1 
0.006-in. wire. 
3%:-in. stainless steel helices made from 65 4to6 15 
0.010-in. wire. 
%-in. unglazed porcelain rascbig rings 100 45 to 530 55 
..do 100 45 to 50.. 55 
343 in. stainless steel helices made from 200 SW Gicce 55 
0.010-in. wire. | 
Heli-Grid ‘ ™ 100 2 to 3.... 1 
3ie-in. glass heliees.._..... ~ 35 2to3_.. 1 


type; it was used for exploratory distillations of 
material as received from the General Motors 


Corporation. 


2. Fractionations 


The material available for the present study was 
a 980-gallon shipment from the Redford Labora- 
tories, which consisted of triptene residue, as 
defined previously, containing all of the material 
from the methylation product boiling above 
triptene. 

An exploratory distillation of a 2,850-ml sample 
of triptene residue as received was conducted in 
still 22 at a reflux ratio of 25 to 1. This was done 
to serve as a guide in conducting the later distilla- 
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tions of large quantities of material. The results 
obtained from this distillation of triptene residue 
are shown in figure 2. 

Since this preliminary test showed that the 
triptene residue could be separated readily into 
four portions containing, respectively, heptenes, 
octenes, nonenes, and decenes, a series of distilla- 
tions were performed on the bulk of the material 
in stills 12 to 14 inclusive, and at a reflux ratio of 
25 to 1, to separate the entire material and to 
obtain larger quantities for subsequent investiga- 
tion. In this series of distillations, material boiling 


in the range 75° to 171° C from each run of trip- 
g i 


the triptene residue. These fractions are listed 


below: 
Fraction Boiling point range Volume Volume 

Cc gal % 
H 75 to 100 3m 33 
0 100 to 118 3u0 40 
N 118 to 143 M4 5 
dD 143 to 171 Ys 10 
Residue and loss einen 118 12 


Each of the four portions, H, O, N, and D was 
redistilled at a reflux ratio of about 100 to 1 in 
stills 12 and 13. In several cases, plateaus 
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Figure 2. Exploratory distillation of triptene residue as received, 


tene residue was collected in 1l-quart samples. 
(Distillation was carried out to 171° C in order to 
assure inclusion of all the decenes). Correspond- 
ing fractions from the several distillations were 
then combined. This operation vielded four 
major fractions designated as H, O, N, and D, 
which were concentrates, respectively, of the 
heptene, octene, nonene, and decene portions of 
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representing relatively pure substances were 


obtained. Figures 3 to 6 represent the results of 
In this series of distillations, the 


residue of the heptene cut was added to the octene 


this operation. 


cut; the residue from this was added to the nonene 
Table 2 lists some of the 
physical properties of the plateaus obtained from 


portion, and so on. 


this series of redistillations. 
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* The abbreviations and their significance are: PCO, material identified 


by the physical constants of the olefin; PCP, material identified by physical 
constants of the paraffin formed by hydrogenation of the olefin; O, material 


identified by ozonolysis. 


> The letter M after the melting point of the derivative indicates that 


no depression of melting point occurred when the derivative was mixed 
with an authentic sample. 


are described in the text. 
included here. 
4 Semicarbazone of 3,4,4-trimethy]-2-pentanone, mp (found) 150° to 150.5° 
C, mp (lit) [34] 151° C, [8] 148° C. 
« Semicarbazone of 2,2-dimethy]-3-pentanone, mp (found) 143.5° to 145° C, 


* Identifications of acetaldehyde, formaldehyde, and ace 





Tasie 2. Separation and iden 
Physical constants 
; Refractive index 
Boiling range ~ . Method of Olefin 
Cut of cut ra Compounds identified in cut identification * = 
D 
Boiling point | Refractive index my, 
at 760 mm Hg np 20° 
Oo ag 
H-1 | 77.6 to 77.8 1.4034 to 1.4030 2,3,3-Trimethyl-1-butene . __- 
2,3,3-Trimethyl-1-butene . - 
H-2 | 79.5 to 88.0 1.4025 to 1.4093... |43,4- Dimethy]-2-pentene 
2,3-Dimethyl-l-pentene........... ... 
? 3,4-Dimethy]-2-pentene____. 
H-3 | 89.8 to 91.8......| 1.4016 to 1.4133... a a... 
ee SO ae 0. = 
a nee le 2,3- Dimethy]-2-pentene --| PCO, PCP... — 97.714). —— Dy te ores 
= — te . =a Se 
3-Ethyl-2-pentene._____- PCO, PCP... — nage | 
O-1 | 100.4 to 106.0 1.4158 to 1.4167 . 3,3-Dimethly-2-ethyl-1-butene.______- ERC oet pik ndidwareehd bint hihitat cel siienadian 
. a DEeednecusens 0.7322 
O-2 | 108.3 to 108.4..._| 1.4170to 1.4172. | 2,3,3-Trimethyl-1-pentene_. PCO, PCP... ny | Lanrafaa} 0.7352[14] 
O-3 | 109.5 to 111.2....| 1.4190 to 1.4219 4,5-Dimethly-2-hexene ee ee Sf ae } 
ia =~ 
112.2 to 112.3___| 1.4232 to 1.4233... 
O-4 | 112.2 to 112.3 1.4232 to 1.4233._.| 3,4,4-Trimethyl-2-pentene._............ POG, @....... — Rae 1.4235(14). a } a aee 
3,4,4-Trimethyl-2-pentene.________- iicnclvunucsshaaeadansceuabetadhiadundiaasiatinnwushe 
O-5 | 112.8 to 115.0....| 1.4206 to 1.4253 Seen LB RE Re GRR aS 
126.3. .........] 1.4988... - 
5. 6.2...) 1. 7 «| 2,3,4-Tri ~ saaivilailateis abe desanieaaa a eiaeadiondiesa an 5 " ihe 
0-6 | 115.9 to 116.2 1.4262 to 1.4266...) 2,3,4-Trimethyl-2-pentene PCO — 7") peozasing)...... 
0-7? 116.8 to 119.0 .... 1.4266 to 1.4263 -| 2-Methyl-3-ethyl-2-pentene ed GE iakikipeiiedennews ° 
N-1 | 121.5 to 123.0 .. _| 1.4225 to 1.4186... 3,3-Dimethyl-2-isopropyl-1-butene___- PCO, PCP aR. ... BATE. ---- 2-0. I. — 
122.21[14] 1.41669(14]....__- 
. (197.97......... SAS 0.7544. 
N-2 | 127.7 to 128.1...) 1.4222 to 1.4227___| 2,3,4,4-Tetramethyl-1-pentene. ......_. ae eee ]132-133[34] a RRR one 
4,4-Dimethy]-3-ethyl-2-pentene __. _ sae i _ 
N-3 | 133.9 to 135.5....| 1.4295 to 1.4302__//3,4,5-Trimethyl]-2-hexene _ ...__. a a 
| 
| | 
|\2,3,3,4-Tetramethyl-1-pentene . .- ee eee 
1.4324... 0.7620... 
N-4 | 137.4 to 137.6....| 1.4324 to 1.4328__| 3,4.4-Trimethyl-2-hexene . . __ itecsaantiaead a » | 1.4320(24) 0.7612{24] 
D-1 144 to 147.......| 1.4300 to 1.4290 2,4,4-Trimethy]-3-ethyl-2-pentene es ee 146.2 to 147.0. _| 1.4280 to 1.4289 
| | 
D-2 | 151.5 to 155.2... | 1.4340 to 1.4356__| 3,4,5,5-Tetramethyl-2-hexene . _ . 0... 
| 3,5,5-Trimethyl]-2-heptene . ._... Ra | 
}: : - ;1-2- —_ 5 | iS 
D-3 | 150.0 to 100.8 | 1.4972 to 1.4an._ (2°44 ppeeanens aimee sata 
'|3,4,4,5-Tetramethyl 2-hexene.. PCP. 
3,4- Dimethyl-3-isopropy]-2-hexene | PCP 


tone, if any, 


Only the larger fragments from ozonolyses are 


mp (lit) [18] 144° C. The mixed melting point was determined with 2,4- 
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tification of triptene residue 


Physical constants—Continued 
Paraffin 


Boiling point 


Compound st 760 mm He 


c 
2,3-Dimethylpentane | magus peers 

“s ; ]89.787[14] 1.3919[14] 
2.3-Dimethy] tane js0.s pees 

|“ ieee |89.787[14].___| 1.3919[14] 
{93.42 | 1.39330 


3-E arnits | 
eee [93.473{2] 1.39337[2] 


a a {114.5 1.4073 
2,3,3-Trimethylpentane pons on 
\ [114.767[14] 1.40757[14] 
1115.5 1.4042 
2-Methyl-3-ethylpentane on . 
[115.653[14] 1.40403 14] 
),2,3,4-Tetramethylpent bee a 
y 4 -T€ ne yiper ne 
a a 1.4146[14] 
»,2,3,4-Tetramethylpentar = a 
«,«,,4- letramethyipe 1¢ 
yipentane |)133.01(14) 1.4146[14] 
{141.4 1.4218 
2,3,3,4-Tetramethylpentane 7 : 
|141.54[14] 1.4222{14] 
{140.42 736 
},3,4-Trimethylhexane =o agrees ‘ 
} (140.2[26) 1.4178[26] 
2,2,4-Trimethyl-3-ethylpen- | 155.3 1.4223 
tane 154.3[12] 1.4230[12] 
{155.68 1.41701 
rrimethylheptane _ "'’ ~ 
[155.2[13 1.4171[13 
(161.6 1.4267 
2,3,4,4-Tetramethylhexane ’ a < 
[161.0[13 1.4274[13 
1164.5 ™ 
2,3,3,4-Tetramethylhexane ee pe 
[164.3[13] 1.430613] 
2,3,4-Trimethyl]-3-ethylpen- | [169.44 1 
tane {167.8[1 1 





dinitrophenylhydrazone of a synthetically prepared 
which is believed to be in error. 

fA somewhat 
kindly supplied by Dr. Cook [6]. 
showed no depression 


¢ Semicarbazone of 3,3,4-trimethy]l-2-pentanone, mp (found) 147° to 148° C, 


mp (lit) [11] 150.5° to 151° C, [5] 150° C, 


Triptene Residue 


Refractive 
index n> 


Oxonolyses 


Oily fraction 


Density . ; 
0 at 20° 2 Compounds identified ¢ 
g/ml 
| 
3,3-Dimethy]-2-butanone 
3-Methy]-2-butanone 
3-Methy]-2-pentanone 
0.6951 3-Methyl-2-butanone 


0.69510[14]. 2,3-Dimethylbutanal 
0.6951 


0.69788 
0.69818[2] 


| 
0.69510[14] } 
| 
) 


2,2- Dimethy1-3-pentanone 


3,3- Dimethy]-2-butanone 


| 3,3-Dimethyl]-2-butanone 
3- Methyl-2-butanone 


}- Pentanone 


13,4,4-Trimethyl-2- 
| pentanone ¢ 
2,2-Dimethy]-3-penta- 


none.® 
3,4-Dimethyl-2-penta 
none. 
} {3,3,4-Trimethy]-2-pen 
} i tanone.¢ 
0.74540 13,3 - Dimethyl -2- penta - 
0.7460[ 26) ) none 
0.757 ]2,2- Dimethy]-3-penta- 
0.7537[12] } none 
{3,4,4-Trimethyl-2-pen- 
{ tanone 
0.74278 | 
. . 4,4-Dimethyl-2-hexanone® 
0.7418[13 } 
0.7624 } 
0.762313] } 
0.7604 ) 
0.7690[13] ) 
0.7773 ) 
0.7761[13) j 


sample 
Kharasch et al [19] report the 2,4-dinitrophenylhydrazone mp to be 175° C, 


impure sample of this 2,4-dinitrophenylhydrazone was 
A mixed melting point determination 


» Semicarbazone 
mp (lit) [8] 169.5 


of ketone 


bp 


104 to 106 
92 to 93 
117 to 118 
92 to 95 


lil to 112 


105 to 106 


105 to 106 
90 to 92 


101 to 101 


136 to 140 


52 to 153 


125 to 130 


145 to 147 


153.5 to 154 


of 4,4-dimethyl-2-hexanone, 
C, [27] 169 


trophenylhydrazone to be 146.5 


to 170 


to 147° C, 


of 1.4230 









2,4-Dinitropheny lhydrazone 


mp 


126 to 126.5M # 


117 to 118M 
67 to 69M 
117 to 118M 


119.5 to 121.0 


144to 145M 


126 to 126.5M 


125 to 126M 
117 to 118M 


154 to 156M 


112 to 113. 


143 to 144M 


100 to 102M 


146 to 147 


111.0 to 111.5 


140 to 141M 


lll to 112M 


mp 
[Reference] 


126 to 126.5[14] 
119 to 120 [21] 
71.2[9] 

119 to 120[21] 

123 to 123.5[3] 


143.5 to 144.5[35] 


126 to 126.5{14] 


126 to 126.5[14] 
119 to 120[21) 


156[36] 


112[8,34] 


143.5 to 144.5[35] 
9s (6) 
148[11) 


111 to 112{14 


143.5 to 144.5[35] 
112[8, 34] 


75[20, 27] 


mp (found) 170° to 171° C 


Drake et al [8] report the 2,4-dini- 


which is believed to be in error 
i Drake and Welsh [10] obtained a boiling point of 159.1 
index (corrected to 20° C 


C and a refractive 


These values are at variance with those 


from other investigators [12], [17] and are believed to be in error. 


* Measured at a pressure of 738 mm Hg 
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Figure 3 shows the course of one of the redistil- 
lations of the heptene portion. This graph, which 
represents a typical redistillation of this pre- 
liminary cut, shows the boiling points and re- 
fractive indices (at 20° C) of the distillate, in 
relation to the volume distilled. 

In a similar fashion, figure 4 shows data obtained 
from redistillation of a part of the octene portion 
in still 12. Again, this is a typical redistillation of 
the octenes and shows most of the components 
present in the octene range. Because of the rela- 


Analyses were performed on each of the cuts 
listed in table 2 and shown in figures 3 to 6, inclu- 
sive. If the plateau represented a reasonably pure 
compound with well-known physical constants, the 
identification of the cut was made by comparison 
of the measured physical properties with the 
literature values. Where the plateau was a mix- 
ture, or a compound with literature values not 
clearly established, hydrogenation and/or ozonol- 
ysis were used to establish the identity of the com- 


ponents. Moreover, wherever a reasonably pure 


J 
—S on a 7 9 s , “ce . ‘“ ” 
tively large hold-up of still 12 and the large pot compound was obtained, a “heart cut’’ was re- 
» . r > rec ry “rea Tes > ¢ " ° ° ° = ° 
| rg" a resulting large residue, some of —qistilled in column 17 to obtain a sample for the 
e higher bouing octene components are not . 
ma 27" = ee measurement of physical constants. 
shown in figure 4. However, the residue from the - : , Rhea 
gee abe : The analysis of the triptene residue, which is 
distillations represented by figure 4 was added to , a? ene 
; shown in table 3, was based primarily on distilla- 
the charge of nonenes and the combined charge , , 4 
distilled. Figure 5 shows the distillation of a part won date and is 7 apprenaane. For complex 
of the preliminary nonene fraction. Because of the fractions, analytical distillation of the hydro- 
system of amplified distillation used, the octene genated cuts was used. Ozonolysis data can be 
components not shown in figure 4 are presented in relied on only for qualitative information, inas- 
this graph. Similarly, figure 6 shows the redistilla- much as several cuts were markedly resistant to 
PS . S . 
tion of a portion of the decenes. ozonization. 
© TABLE 3. Analysis of triplene residue 
Percentage Pyseent 
Cut Boiling range of triptene Compounds in cut * a coe 
residue pounds in 
cut? 
» " -_ = _ 
2,3,3-Trimethy]-1-butene 
( 2,3- Dimethyl-1-pentene* 5 
ae a },4- Dimethyl-1-pentene* } 
Heptenes 13 to 100 e $,4- Dimethyl]-2-pentene } “ 
3-Ethyl-2-pentene 
2,3-Dimethy]-2-pentene 45 
3,3-Dimethyl-2-ethyl-1-butene* 10 
2,3,3-Trimethyl-1-pentene 45 
4,5-Dimethy]-2-hexene 2 
oO es 100 to 118 ) 
3,4,4-Trimethyl-2-pentene 35 


3,4-Trimethyl]-2-pentene 6 
-Methyl-3-ethyl-2-pentene* 2 
.3-Dimethy]-2-isopropy]-1-butene A 





Sree a, 
m> 0 0 BS O29 


.3,4,4-Tetramethyl-1-pentene* 10 
3,3,4-Tetramethyl-l-pentene ) 
enemas 118 to 143 A 3,4 etramethyl-1l-pentene i 
3,4,5-Trimethyl-2-hexene* ] , 
“o 
.4-Dimethyl]-3-ethy]-2-pentene } 
| 3,4,4-Trimethyl-2-hexene 0 
2,4,4-Trimethyl-3-ethy]-2-pentene* : 
3,4,5,5-Tetramethy]-2-hexene* 
§ D 143 to 16 3,5,5-Trimethyl-2-heptene ” 
’ 2,3,4,4-Tetramethyl-2-hexene 5 
3,4,4,5-Tetramethyl-2-hexene ‘ 
},4-Dimethyl-3-isopropyl-1-pentene l 
Undecenes and higher boiling sub- 163 17 
- stances 
’ —_ 
* The asterisks indicate the presence of small amounts of unknown component 
» This analysis is an estimate and is based on distillation analysis and hydrogenation data, 
| Triptene Residue 625 
* 














3. Hydrogenations 


The hydrogenation reactions were accomplished 
in rocking-autoclaves of the type described by 
Adkins [1]. These were of 1-, 3-, and 20-liter 
capacity. The catalyst used was a commercial 
nickel-on-kieselguhr. The hydrogenations were 
carried out at 1,000 to 2,000 lb/in.* pressure and 
at a temperature of 140° to 190° C. Several of 
the cuts contained chlorides in small amounts; 
and hydrogenation of these proved to be some- 
what more difficult than for chloride-free olefins, 
thus necessitating longer periods for completion. 
Not infrequently, several treatments were neces- 
sary to obtain a saturated product. Hydrogen- 
ated cuts were passed through silica gel and dis- 
tilled in column 11 or 17 for analysis. 


4. Ozonolyses 


The apparatus used for the several ozonolyses 
was essentially equivalent to that described by 
Whitmore and Church [32]. Generally, ozoniza- 
tions were performed on 0.5-mole samples. The 
solvent used was petroleum ether that had been 
washed successively with concentrated sulfuric 
acid, water, sodium bicarbonate, dried over cal- 
cium chloride, and distilled. The portion boiling 
between 35° and 40° C was passed through silica 
gel. Ozonization of 0.5-mole sample in 300 ml of 
solvent at —5° to —15° C was generally accom- 
plished in 14 to 16 hr, although a few olefins were 
ozonized in less time. In most cases the solvent 
was not removed prior to decomposition. The 
ozonide was decomposed with 40 g of zine and 
500 ml of water containing traces of silver nitrate 
and hydroquinone. 

The water layer from the decomposition was 
always tested for the presence of formaldehyde 
and acetone. The formaldehyde in the ozonol- 
yses products was identified as its dimethone 
derivative (mp 188° to 190° C) [15], the acetone 
by conversion to its dibenzal derivative (mp 111° 
to 112° C) [16]. 

The material obtained in the ether trap was 
tested for acetaldehyde by reaction with ammonia, 
with the subsequent formation of the acetaldehyde- 
ammonia crystalline complex (mp 86° to 88° C) 
[33]. 

The oily distillate from the decomposition of 
the ozonide was dried over sodium sulfate and 
distilled in column 9. The relatively pure frac- 
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tions from the latter distillation were converted 
to the semicarbazone and/or the 2,4-dinitro- 
phenylhydrazone for purposes of identification. 
Orthodox qualitative tests were performed on 
selected cuts from the oily layer distillation, prior 
to reaction with derivative-forming reagents. 

Aldehydes and ketones were generally identified 
either by the melting-point values of two deriva- 
tives, or by the melting point of one derivative and 
absence of any depression of the melting point 
when the unknown was mixed with an authentic 
sample of known compound. 

The results from the ozonization of some of the 
lower boiling compounds were semiquantitative, 
but resistance to ozone of some of the higher boil- 
ing, highly branched compounds did not warrant 
even rough approximation by this method of the 
relative amounts of isomers in the material 
ozonized. 

Ozonolysis of cut H-2, the second concentrate of 
the heptene fraction is typical and is described as 
an example. This cut boiled in the range 79.5° 
to 88.0° C and was a rather complex mixture of 
heptenes boiling above triptene (bp 77.8° C) and 
below 3,4-dimethyl-2-pentene (bp about 90° C): 

Treatment of 50 g of the cut H-2 with 8 percent 
of ozone in oxygen at 12.5 liters/hr was carried out 
for 12 hr at —15° C. The ozonide in pentane 
solution was decomposed by dropwise addition to 
500 ml of boiling water to which had been added 
40 g of zine dust and traces of silver nitrate and 
hydroquinone. The decomposition was unusually 
mild and gave 117 ml of aqueous layer and 138 ml 
of oil layer (which contained some solvent). 

The material dissolved in the ether trap was 
tested for acetaldehyde by introduction of an- 
hydrous ammonia for 5 min. The test was posi- 
tive, as evidenced by the formation of the charac- 
teristic aldehyde-ammonia compound (mp 86° to 
88° C). A sample of the water layer was treated 
with dimedon (dimethyldihydroresorcinol), which 
resulted in a voluminous precipitate of formalde- 
hydedimethone (mp 189° to 190° C). A test for 
acetone by treatment with benzaldehyde [15] failed 
to produce dibenzalecetone. 

The oily layer was fractionated in column 9 to 
give: 

(1) 3-Methyl-2-butanone, bp 92° to 93° C, 
2,4-dinitrophenyl-hydrazone, mp 117° 
to 118° C, 
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(2) 3,3-Dimethyi-2-butanone, bp 104° to 
106° C, 2,4-dinitrophenylhydrazone, 
mp 126° to 126.5° C, 
(3) 3-Methyl-2-pentanone, bp 117° to 118° C, 
2,4-dinitrophenylhydrazone, mp 67° to 
69° C. 
The 2,4-dinitrophenylhydrazones of these com- 
pounds were each tested for identity by the ‘mixed 
melting-point” technique. No depressions of melt- 
ing points were observed when these compounds 
were mixed with authentic specimens. 

(4) Beta-chloropropionic acid (?): At 100° C a 
compound distilled, which solidified to a mush in 
the condenser. This material was removed, 
cooled, and filtered to yield a small quantity of 
white crystals that contained halide (Beilstein’s 
test) and was acidic. These crystals melted at 
42° C. This compound is believed to be beta- 
chloropropionic acid, since this melting point 
agrees well with that listed by Shriner and Fuson 
[28]. However, it was not definitely identified. 

The identification of 3-methyl-2-butanone and 
acetaldehyde indicates the presence of 3,4-dimethyl- 
2-pentene; the formaldehyde and 3,3-dimethyl-2- 
butanone were formed by splitting of triptene 

2,3,3-trimethyl-1-butene); the 3-methyl-2-penta- 
none and formaldehyde came from 2,3-dimethyl- 
1-pentene. 

No 2,4-dimethyl-2-pentene could be detected, 
since this compound would yield isobutyaldehyde 
in the oily layer distillation, and no aldehyde 
derivative was obtained by dimethone tests on the 
distillate fractions. 


III. Identification and Analyses 
1. Heptene, Boiling Range 75° to 100° C 


The results of the redistillation of the 75° to 
100° C cut are shown in figure 3, and the com- 
pounds obtained are enumerated in table 2, in 
which a summary of the entire analysis is given, 
including physical constants measured, methods 
of identification, and ozonolysis data. 

Cut H-1, bp 77.6° to 77.8° C n? 1.4034 to 
1.4030: This concentrate was found to contain 
triptene (2,3,3-trimethyl-1-butene) and comprises 
about 2 percent of triptene residue. The small 
quantity of triptene found is material remaining 
from the original distillation at the Redford 
Laboratories. The refractive index is higher than 


Triptene Residue 


the accepted value, due to this plateau being pre- 
ceded and followed mainly by material of higher 
refractive index, and undoubtedly it contains 
some of these higher refractive materials. 

Cut H-2, bp 79.5° to 88.0° C, n? 1.4025 to 
1.4093: Although this material is intermediate 
between H-1 and H-3 and contained compounds 
found in both these cuts, its composition was made 
even more complex by the presence of other 
heptenes. A detailed account of the ozonolysis 
has already been given (section II, 4), in which the 
cut was found to contain triptene, 3,4-dimethyl-2- 
pentene, and 2,3-dimethyl-l-pentene. Results are 
given in table 2. 

Cut H-3, bp 89.8° to 91.8° C, n? 1.4106 to 
1.4133: The components of this fraction were 
found to be 3,4-dimethyl-2-pentene and probably 
3,4-dimethyl-l-pentene. Ozonolysis gave formal- 
dehyde and acetaldehyde in the water and ether 
layers, respectively. The oily layer gave 3-methyl- 
2-butanone (see table 2), and an oil boiling 111° 
to 112° C, which contained small quantities of 
an aldehyde (as shown by reduction of Schiff’s 
reagent), from which only one derivative, the 
2,4-dinitrophenylhydrazone, was obtained. This 
2,4-dinitrophenvlhydrazone, after several recry- 
stallizations, melted at 119.5° to 121.0°C. The 
aldehyde must be a hexaldehyde, since the highest- 
boiling pentaldehyde (normal) boils at 103.7° C, 
and the compound in question was derived by 
removal of a fragment from a heptene. A com- 
parison of these data with those of all the hexalde- 
hydes gave 


| | 9 4-1) »T)- 
| Compound Boiling point ¢ gy 


°C °C 
n-Hexaldehyde 131 104. 
2-Methylpentanal 119 to 121 [30] 103 [23] 
3-Methylpentanal 93.5 to 94.5, 
4-Methy!pentanal 121 Ww 
2,2-Dimethylbutanal 102 to 104_. 145 


3,3-Dimethylbutanal 102 to 104 147 to 147. | 
2,3-Dimethylbutanal 115 to 117 123 to 123.5 
2-Ethylbutanal 117 to 119 94.5 to 95.0 
Aldehyde from H-3 lil to1ll2 119.5 to 121.0. 


¢ Data from Brunner and Farmer [3], unless otherwise noted 


These melting point data indicate that the 
aldehyde from H-3 is 2,3-dimethylbutanal, which, 
along with formaldehyde, is presumed to be de- 
rived from 3,4-dimethyl-1-pentene. The identifi- 
cation of 3-methyl-2-butanone and acetaldehyde 
show the presence of 3,4-dimethyl-2-pentene. 

A sample of cut H-3, when hydrogenated and 
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refractionated, gave only 2,3-dimethylpentane (see 
table 2). 

Cut H-4, bp 96.6° to 97.4° C, n? 1.4192 to 
1.4206: The major portion of this cut was found 
to be 2,3-dimethyl-2-pentene, with some 3-ethyl- 
2-pentene. Both components were identified by 
comparison of their physical properties with those 
of the pure compounds, and by hydrogentation to 
the paraffins, followed by a comparison of the 
paraffins’ physical properties with reported values 
(see table 2). A part of cut H-4 was used to pre- 
pare 2,3-dimethylpentane for engine test work. 
When 9 gal of the cut was hydrogenated and dis- 
tilled in column 11, 8 gal of high-purity 2,3-dimeth- 
ylpentane was obtained (see table 2). The residue 
from this distillation was fractionated in column 
17 to give 1,230 ml of 3-ethylpentane with the 
properties shown in table 2. This 3-ethylpentane 
must have been derived from 3-ethyl-2-pentene 
(bp about 95° C) [29], since the only other olefin 
of this carbon skeleton, 3-ethyl-1-pentene, boils 
about 10° C lower, at 85° C, with a refractive 
index of 1.3966 [25]. 


2. Octenes, Boiling Range 100° to 118° C 


The results from the distillation of the octenes 
are shown in figures 4 and 5, and analytical results 
are tabulated in tables 2 and 3. Because of the 
relatively large hold-up in still 12, the higher boil- 
ing octene components were distilled with the 
nonene cut (fig. 5). Seven portions of the octenes 
were designated as cuts O-1 to O-7, as shown in 
figures 4 and 5. 

Cut O-1, bp 100.4° to 106.0° C, n®? 1.4158 to 
1.4169: This material was found to be a complex 
mixture from which only the major component, 
3,3-dimethyl-2-ethyl-1-butene, was characterized. 
On ozonolysis of this cut, only formaldehyde and 
2,2-dimethyl-3-pentanone could be identified (see 
table 2). 

Cut O-2, bp 108.3° to 108.4° C, n? 1.4170 to 
1.4172: This narrow-boiling fraction was found to 
be 2,3,3-trimethyl-l-pentene, as evidenced by a 
comparison of its physical properties with those 
of this compound previously reported [14]. The 
sample from the beginning of the plateau showed 
a boiling range of 0.12° C (20 to 80% distilled), 
which indicated the presence of some impurity. 
A portion was hydrogenated, and distillation 
analysis of the product gave about 93 percent of 





2,3,3-trimethylpentane (see table 2) and about | 
percent of 2,2,3-trimethylpentane (bp 110° C 
nz 1.4028). The latter paraffin could have bee: 
formed by hydrogenation of 3,3-dimethyl-2-ethy! 
1-butene, which was identified as a constituent o/ 
the preceding cut O-1. 

Cut O-3, bp 109.5° to 111.2° C, n®? 1.4190 to 
1.4219: The material collected from several runs 
with the properties designated for O-3 in figure 4 
was combined and redistilled in column 13. The 
composition of the material was found to be com- 
plex, but one plateau represented material that is 
presumed to be 4,5-dimethyl-2-hexene, since a 
close agreement exists between the properties of 
the compound isolated and values reported in the 
literature [7] for 4,5-dimethyl-2-hexene (see table 
2). 

Cut O-4, bp 112.2° to 112.3° C, n? 1.4232 to 
1.4233: This portion of triptene residue was pre- 
dominantly 3,4,4-trimethyl-2-pentene, as shown 
by a comparison of its physical properties with 
those of pure 3,4,4-trimethyl-2-pentene previously 
obtained [14]. This identification is given addi- 
tional weight by the fact that when 15 gal of the 
olefin was oxidized by sodium dichromate-sulfuric 
acid [14], 3,3-dimethyl-2-butanone was obtained 
in 30-pereent yield, not including a large amount 
of the same ketone that was recovered as an azeo- 
trope with unreacted olefin. 

Cut O-5, bp 112.8° to 115.0° C, n®? 1.4206 to 
1.4253: Ozonolysis of this cut gave acetaldehyde, 
acetone, 3-methyl-2-butanone, and 3,3-dimethyl- 
2-butanone. The presence of 3,4,4-trimethyl-2- 
pentene, which gave acetaldehyde and 3,3-dimethyl- 
2-butanone, and 2,3,4-trimethyl-2-pentene, from 
which acetone and 3-methyl-2-butanone came, is 
shown. The presence of at least one additional 
compound is indicated by a dip in the refractive 
index curve. From the ozonolysis, at least two 
additional carbonyl compounds, one of which was 
an aldehyde, bp 113° to 115° C (as shown by re- 
duction of Schiff’s reagent) were obtained. Neither 
of these nor their derivatives could be separated 
and identified. The 2,4-dinitrophenylhydrazone 
of this fraction came down as an oil, which, after 
successive crystallizations, melted 101° to 105° C. 

Cut O-6, bp 115.9° to 116.2° C, n® 1.4262 to 
1.4266: This cut was found to be 2,3,4-trimethyl- 
2-pentene by a comparison of its physical proper- 
ties with those of pure 2,3,4-trimethyl-2-pentene 
isolated previously in this laboratory [14] and by 
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the identification of 3-methyl-2-butanone and 
acetone found in the intermediate cut O-—5. 

Cut O-7, bp 116.8° to 119.0° C, n? 1.4266 to 
1.4262: This fraction was found to contain 2- 
methyl-3-ethyl-2-pentene as the major component. 

A portion of O-7 was redistilled in column 17 
to yield a cut boiling 117.0° to 118.5° C.  Ozon- 
olysis of a 0.5-mole sample of this yielded formal- 
dehyde and acetone in the water layer and traces 
of acetaldehyde in the ether layer. The oily 
layer proved to be mostly 3-pentanone (see table 
2) with a small quantity of a compound boiling 
116° to 119° C, which gave a 2,4-dinitrophenyl- 
hydrazone melting 113° to 116.5° C. The latter 
was not identified. The identification of acetone 
and 3-pentanone shows the presence of 2-methyl- 
3-ethyl-2-pentene. 

Hydrogenation of the redistilled portion of O-7 


vielded 2-methyl-3-ethylpentane. (See table 2.) 


3. Nonenes, Boiling Range 121° to 138° C 


The results obtained from a typical redistilla- 
tion of the 121° to 138° C cut (combined with 
octene residue) are shown in figure 5. 

Cut N-1, bp 121.5° to 123.0° C, nP 1.4225 to 
1.4186: The major component of this cut was 
found to be 3,3-dimethyl-2-isopropyl-l-butene, 
the identification of which was made by a compari- 
son of the physical properties of the olefin and 
also of the paraffin derived by hydrogenation. 
The fraction boiling 121.5° to 123.0° C was re- 
distilled in column 17 to give a plateau repre- 
senting a compound in close agreement in physical 
properties with those of 3,3-dimet hyl-2-isopropyl- 
l-butene previously prepared in this laboratory 
(see table 2). A portion of this plateau was 
hydrogenated and distilled in column 17 to give a 
paraffin with properties almost identical with 
those of 2,2,3,4-tetramethylpentane [14]. There 
are only three olefins of this carbon skeleton: 

3,3-Dimethyl-2-isopropyl-1-butene, bp 122.21° 
C, nz’ 1.4669 [14] 
2,3,4,4-Tetramethyl-l-pentene, bp 132° to 
133° C, n? 1.4275 [34]. (See cut N-2.) 
2,3,4,4-Tetramethyl-2-pentene, bp>134° C, 
n??>1.4310 [33] 
It is evident that the paraffin is derived from the 


first of these olefins. 
Cut N-2, bp 127.7° to 128.1° C, n? 1.4222 to 
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1.4227: This portion of the nonenes was found to 
contain 2,3,4,4-tetramethyl-1-pentene as the major 
component. A sample was refractionated in 
column 17 and # “‘heart cut” used for measurement 
of physical properties and for ozonolysis. Ozono- 
lysis gave formaldehyde, and only 3,4,4-trimethyl- 
2-pentanone in the oily layer, which was identified 
by the preparation of two derivatives (see table 
2). When a sample of N-2 was hydrogenated and 
refractionated, quite pure 2,2,3,4-tetramethyl- 
pentane was obtained (see table 2). The residue 
from redistillation of N-2, when ozonized, gave the 
same products as the main fraction, and, in addi- 
tion, a small quantity of aldehyde that boiled at 
152° to 158° C was found. The 2,4-dinitrophenyl- 
hvydrazone of this compound melted, after five 
recrystallizations, at 174.5° to 176° C. This 
compound was not identified. 

Cut N-3, bp 133.9° to 135.5° C, nj? 1.4295 to 
1.4302: Preliminary work on this cut indicated 
the presence of a complex mixture. The cut was 
therefore divided into two portions, designated as 
N-3-A and N-3-B, respectively. Each of these 
was ozonized separately. 

N-3-A, bp 133.9° to 134.6° C, 
gave formaldehyde, acetaldehyde, and two ketones 
boiling at 125° to 126° C and 152° to 153° C, which 
proved to be 2,2-dimethyl-3-pentanone and 3,3,4- 


on ozonolysis 


trimethyl-2-pentanone, respectively (see table 2). 
The presence of a higher boiling aldehyde was 
detected in the residue from the ketone distillation. 
The results are interpreted to indicate the presence 
of 4,4-dimethyl-3-ethyl-2-pentene and  2,3,3,4- 
tetramethyl-l-pentene in cut N-3-A. The former 
would, on ozonalysis, give acetaldehyde and 2,2- 
dimethyl-3-pentanone; the latter would give 
formaldehyde and 3,3,4-trimethyl-2-pentanone. 

Cut N-3-B, bp 134.6° to 135.6° C was ozonized 
to give formaldehyde, acetaldehyde, 2,2-dimethyl- 
3-pentanone (bp 125° to 126° C), 3,3,4-trimethyl- 
2-pentanone (bp 152° to 153° C), and a small 
amount of 3,4-dimethyl-2-pentanone (bp 136° to 
140°C). (See table 2.) A trace of a higher boil- 
ing aldehyde was found in the residue. In addi- 
tion, a compound boiling 109° to 114° C formed 
a 2,4-dinitrophenylhydrazone melting 94° to 96° 
C. A “mixed melting point” of the latter with 
the derivative of 4-methyl-2-pentanone gave a 
value of 76.5° to 83° C; a “mixed melting point” 
with 2-methyl-3-pentanone gave 88° to 94° C. 
This derivative was not identified. 
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The 3,4-dimethyl-2-pentanone, and acetalde- 
hyde, show the presence of 3,4,5-trimethyl-2- 
hexene. The other two ketones found were also 
present in cut N-3—A, and were shown to result 
from 4,4-dimethyl-3-ethyl-2-pentene and 2,3,3,4- 
tetramethyl-l-pentene. The aldehyde trace in the 
oily layer residue is surmised to be a Cy aldehyde, 
due to its higher boiling point, which could result 
from an olefin with the following structure: 


C;H,,CH=CH,. 


When cut N-3-A and cut N-3-B were hydro- 
genated and distilled, only 2,3,3,4-tetramethyl- 
pentane (see table 2) could be obtained in a nearly 
pure state. 

Cut N-4, bp 137.4° to 137.6° C, n® 1.4324 to 
1.4328: This fraction was found to contain 3,4,4- 
trimethyl-2-hexene, since ozonolysis yielded only 
3,3-dimethyl-2-pentanone and acetaldehyde. (See 
table 2.) The purity of the compound is indicated 
by its narrow boiling range, and the absence of 
complex ozonolysis products. A sample of cut 
N-4 was hydrogenated to a paraffin, 3,3,4-tri- 
methylhexane, with the physical properties listed 
in table 2. 


4. Decenes, Boiling Range 143° to 163° C 


The results of analyses of the decenes are shown 
in table 2, and data obtained in the distillation 
are illustrated in figures 5 and 6. The decene 
_ portion proved to be quite complex and the major- 
ity of the decenes found in the triptene residue 
appear to have been formed by polymerization of 
he original isopentenes. 

Cut D-1: This concentrate, boiling range 144° 
to 147° C, n? 1.4300 to 1.4290, began to appear 
as an after run of cut N—4, and was characterized 
by a drop in the refractive index curve. Since 
only a small quantity was available, the portion 
marked D-1 in figures 5 and 6 was redistilled in 
column 17, and a portion from the middle of the 
narrow-boiling cut was used for reaction with 
ozone. This material was extremely resistant to 
the action of ozone; after 50 hr of treatment, only 
10 percent of the material was converted to ozon- 
ide. The presence of acetone, formaldehyde, 
and 2,2-dimethyl-3-pentanone was established in 
the decomposition products. (See table 2.) The 
acetone and 2,2-dimethyl-3-pentanone are pre- 
sumed to have been formed by splitting 2,2,4- 
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trimethyl-3-ethyl-2-pentene. No Cy, product wa 
isolated as a companion for formaldehyde. 
portion of the “‘best”’ olefin was hydrogenated an 
upon distillation proved to be mostly one com 
pound. The properties of this paraffin, 2,2,4 
trimethyl-3-ethylpentane. are listed in table 2. 

Cut D-2, bp 151.5° to 155.2° C, n? 1.4340 t 
1.4356: Ozonolysis of a sample of this fraction gay, 
formaldehyde, acetaldehyde, butanone-2 (bp 80° to 
85° C, 2,4-dinitrophenylhydrazone mp and mixed 
melting point 108° to 110° C), 3,4,4-trimethyl-2 
pentanone (see table 2), and a hexaldehyde (bp 
110° to 120° C) which was not completely identi- 
fied because only a small quantity was present, 
which was contaminated with some butanone-2 
Also present was a trace of an unidentified ketone 
boiling at 166° to 168° C, which gave a 2,4-dini- 
trophenylhydrazone melting at 160.5 to 162.0° C, 
which is presumed to be a C, ketone. 

The identification of acetaldehyde and 3,4,4- 
trimethyl-2-pentanone indicate the presence of 
3,4,5,5-tetramethyl-2-hexene. The formaldehyde 
and the unidentified C, ketone indicate the pres- 
ence of a decene with a terminal methylene group 
attached to a doubly branched carbon. The uni- 
dentified hexaldehyde is thought to be 2,2-di- 
methylbutanal and a companion of butanone-2, 
which, together, would make up 3,5,5-trimethyl- 
3-heptene. This presumption is strengthened by 
hydrogenation studies. Hydrogenation of a sample 
gave a mixture consisting predominantly of 2,2,3,4- 
tetramethylhexane with a lesser quantity of 3,3,5- 
trimethylheptane. 

Cut D-3, bp 159.0° to 160.8° C, nP 1.4372 to 
1.4388: This fraction was a mixture and was found 
to contain 3,5,5-trimethyl-2-heptene and _ three 
other olefins which, on hydrogenation, produced 
2,3,3,4-tetramethylhexane, 2,3,4,4-tetramethylhex- 
ane, and 2,3,4-trimethyl-3-ethylpentane. (See 
table 2.) 

A 1-gal sample of D-3 was redistilled in column 
17 to obtain a purer sample for ozonolysis and 
hydrogenation. When a portion of the “heart 
cut” (bp 159° C) of the latter distillation was 
ozonized, traces of formaldehyde were found in 
the water layer, and large quantities of acetalde- 
hyde in the ether layer. The majority (about 
90%) of the oily layer proved to be 4,4-dimethyl- 
2-hexanone (see table 2), with very small quanti- 
ties of other unidentified higher-boiling materials 
present, including a C, aldehyde (as shown by re- 
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duction of Schiff’s reagent). The ketone was 
identified by the formation of two derivatives. 
The semicarbazone, mp 170° to 171° C, was 
formed with great ease, whereas the other semi- 
carbazones made in this work required at least 2 
days to crystallize. The 2,4-dinitrophenylhydra- 
zone, mp 75° to 75.5° C, showed the 4,4-dimethyl- 
2-hexanone to be relatively pure because no ex- 
tensive recrystallizations of the derivative were 
needed to reach the final sharp melting point. 
The melting point for this derivative recorded here 
agrees with that obtained by Schmerling [27], 
Laucius [20], and Wheeler (cited by Laucius), but 
disagrees with that of Drake, Kline, and Rose [8], 
who obtained a value of 146.5° to 147° C. The 
identification of acetaldehyde and 4,4-dimethyl- 
2-hexanone prove the presence of 3,5,5-trimethyl- 
2-heptene. 

A portion from the same “heart cut’ of olefin 
was hydrogenated and distilled in column 17. 
Over 90 percent of the charge was recovered 
as distillate, with the properties the same as those 
listed for 3,3,5-trimethylheptane in table 2. 

The rest of D-3 was hydrogenated and refrac- 
tionated in still 11. The major constituent, 
3,3,5-trimethylheptane was formed by hydrogena- 
tion of the 3,5,5-trimethyl-2-heptene identified 
previously. Physical constants were measured on 
this lot. This compound is believed to be of very 
high purity; the boiling range (20 to 80 percent 
distilled) was 0.005° C, the refractive index range 
of the distillate cut was 0.0001. 

The paraffin residues from 3,3,5-trimethylhep- 
tane were distilled in column 17 to give three 
additional plateaus with the properties shown in 
table 2, which show the presence of 2,3,4,4-tetra- 
methylhexane, 2,3,3,4-tetramethylhexane, and 
2,3,4-trimethyl-3-ethylpentane. The  identifica- 
tion of these compounds was made by comparisons 
of their physical properties with those listed by 
Francis [13], and by Johnson [17] who found them 
in the hydrogenated products of the decenes formed 
from t-amyl alcohol and from 2-methyl-2-butane. 
Presumably the isolated paraffins were derived 
from the hydrogenation of 2,3,4,4-tetramethyl-2- 
hexene, which is probably a normal methylation 
product of 3,4,4-trimethyl-2-hexene, of 3,4,4,5- 
tetramethyl-2-hexene, which may be a normal 
methylation product of 2,3,3,4-tetramethyl-1- 
pentene, and of 3,4-dimethyl-3-isopropyl-1-pen- 
tene, which is assigned this structure because of 


Triptene Residue 


the aldehyde found in the ozonolysis fragments of 
cut D-3. 

The structure of the 3,3,5-trimethylheptane 
isolated in this work has been conclusively proven 
by hydrogenation and ozonolysis data. The 
physical constants of the 3,3,5-trimethylheptane 
reported herein agree well with those listed by 
Francis [13] and Johnson [17] but disagree with 
those of Drake and Welsh [10], who seem to have 
had an impure substance containing 2,3,3,4- 
tetramethylhexane. 

It appears that Drake et al [8] were working 
with a mixture of olefins. This is borne out by the 
discordant value of the melting point of the 
2,4-dinitrophenylhydrazone of 4,4-dimethyl-2-hex- 
anone. Their value for this derivative, 146.5° 
to 147° C, corresponds to that of 3,3,4-trimethyl-2- 
pentanone [11], which would appear as an ozono- 
lysis product of 3,4,4,5-tetramethyl-2-hexene. The 
latter has been shown to be a normal constituent 
of isopentene dimer by recent work of Cook and 
Stehman [6], who found no other decene of this 
carbon skeleton boiling in the neighborhood of 
159°C. This indicates that the 2,3,3,4-tetra- 
methylhexane found in the hydrogenated cut 
D-3 was derived from 3,4,4,5-tetramethyl-2- 
hexene. Although this olefin could have been 
formed by methylation, as previously indicated, 
it also could be a dimerization product of the 
original isopentene, as found by Cook. 

In the case of the 2,3,4,4-tetramethylhexane, 
the olefin parent is believed to be 2,3,4,4-tetra- 
methyl-2-hexene. Of the olefins of this carbon 
structure studied by Cook, only this compound 
boiled in the neighborhood of 159° C. Cook, 
however, found 2,3,4,4-tetramethyl-2-hexene to 
be absent from isopentene dimer, and therefore 
it is probable that this olefin arose by methylation. 

The next higher boiling cut, 165° to 168° C, is 
believed to contain undecenes. Although quite 
resistant to ozone, prolonged treatment of a 
sample of this material gave formaldehyde and a 
complex mixture of carbonyl compounds and 
olefins (bp 159° to 165° C), from which no pure 
materials were separated. 


IV. Conclusions 


The results obtained in this investigation sub- 
stantiate the mechanism of olefin methylation as 
described by Miller and Lovell [22]. While the 
exact origin of some of the decenes is not clear, it 
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has been shown that the methylation reaction [11) C. R. Enyeart, Ph D thesis, p. 51 (Pennsylvania 
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. . 2) A. W. Francis . Eng. Chem. 35, 447 (1943). 
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. : [13] A. W. Francis, Ind. Eng. Chem. 36, 256 (1944). 
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115] E. H. Huntress and 8. P. Mulliken, Identification of 


2-hexene—?2,3,4,4-tetramethyl-2-hexene. ; - 
pure organic compounds, p. 50 (John Wiley & 








It is significant that no 2,3,4,4-tetramethyl-2- Sone, New York, N. Y., 1941). ; 
pentene was found. This nonene should be a [16] E. H. Huntress and 8. P. Mulliken, Identification of 
normal methylation product of 3,4,4-trimethyl-2- pure organic compounds, p. 374 (John Wiley & 
pentene. It is postulated that this compound is Sons, New York, N. Y., 1941). 
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